Aspects of the neuroanatomy and physiology of sleep in African mole rats by Bhagwandin, Adhil
iAspects of the Neuroanatomy and
Physiology of Sleep in African Mole
Rats.
Adhil BHAGWANDIN
This thesis is submitted in fulfillment of the requirements for the degree of Doctor of
Philosophy
SCHOOL OF ANATOMICAL SCIENCES
UNIVERSITY OF THE WITWATERSRAND
JOHANNESBURG
May, 2011
ii
Declaration
I declare that this thesis is my own, unaided work. It is being submitted for the Degree of
Doctor of Philosophy in the University of the Witwatersrand, Johannesburg. It has not
been submitted before for any degree or examination in any other University.
______________________________
Adhil Bhagwandin
5th day of January 2011
iii
Abstract
Mole rats are a unique family of the rodent order and are known for a
subterranean lifestyle, reduced eye size, regressed visual system and unusual patterns of
circadian rhythmicity (co-existence of rhythmic and arrhythmic chronotypes within a
species has been documented). Such dramatic changes especially that of phenotype, may
lead to the prediction of significant differences in organisation of the brain and
physiology, therefore these unusual phenotypic features form the core rationale providing
the impetus for the present series of studies. Neuroanatomical examination of the mole rat
brain for immunohistochemical markers of the cholinergic, catecholaminergic,
serotonergic, orexinergic, and histaminergic systems revealed neuronal organisation that
was remarkably similar to those previously reported in other rodents and mammals,
despite the notable differences in lifestyle and phenotype. These results indicate a strong
phylogenetic constraint acting at the systems level of neuronal organisation. The study of
sleep and wake in rhythmic and arrhythmic chronotypes of a species of mole rat indicated
the arrhythmic chronotype spent more time awake with a longer average duration of a
waking episode and less time in sleep with a shorter average duration of a SWS episode.
While remaining somewhat similar between mole rat chronotypes, total sleep time in the
mole rats was significantly reduced in comparison to other rodents. These results also
indicate independence of circadian rhythmicity and sleep homeostasis and possible
alteration of specific genes involved in the sleep-wake cycle of the mole rats examined.
Stereological assessment of absolute numbers of orexinergic neurons revealed that the
arrrhythmic chronotype tends to have more orexinergic neurons per gram of body mass
that the rhythmic chronotype, leading to the conclusion that enhanced vigilance and
iv
peripheral metabolism of the arrhythmic chronotype may underlie this difference.
Immunohistochemical identification of nuclei involved with the sleep-wake cycle,
showed no difference in the distribution of these nuclei between circadian chronotypes
and no major differences when compared to other rodents. Some interesting and
potentially functionally important homogeneities were observed in the distribution of
GABAergic interneurons within the pontine region. Furthermore differential orexinergic
terminal network densities were observed between chronotypes within the arcuate
nucleus and the intergeniculate leaflet. Therefore despite unusual features in lifestyle and
phenotype, the organisation of the mole rat brain remains remarkably similar to other
rodents; however, distinctions of circadian chronotype consistently produced subtle
differences in both the anatomy and physiology of these rodents.
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1Chapter 1
1.1 Introduction
Knowledge of sleep in rodents is mainly limited to studies of the standard laboratory
rat and mouse; however, when examining the evolution of sleep in mammals, generally
mammals of different sizes from different orders are compared and some rough trends have
been found, for example, the total duration of sleep is dependent on the body size of an
animal and the amount of rapid eye movement (REM) sleep in an organism decreases
gradually from birth (Siegel, 2003). These trends fail to explain what exactly changes when
features such body size, brain size or phenotype are compared to measurable sleep
parameters. Alternatively, examining representative species of the same order may shed light
on the important issue of the evolutionary changes surrounding specific mammalian sleep
phenomenology.  This series of studies focuses on the neuroanatomy and physiology of sleep
of a family of microphthalmic rodents, the African mole rats. Mole rats are well known for
their significantly regressed visual system (Cooper et al, 1993; Hart et al, 2004; McMullen et
al, 2010) as well as unusual patterns of circadian rhythmicity (Oosthuizen et al., 2003
Lovegrove and Papenfus, 1995; Lovegrove and Muir 1996).  From earlier studies (reviewed
by Manger, 2005) it has been shown that the anatomical complexity of certain neural systems
involved in the sleep-wake cycle are consistent within a mammalian order, but vary across
orders. Thus selecting species of the same order controls for changes in the complexity of
sleep controlling systems. In an attempt to clarify the understanding of the evolution of sleep
phenomenology in rodents, this series of studies, focusing on microphthalmic rodents, aims
to examine several unanswered questions about sleep evolution, such as: (1) Does dramatic
phenotypic change, such as the significantly reduced visual system of the of the molerats,
affect quantifiable sleep parameters; (2) Do features of sleep, such as these listed above, vary
with the neuronal number of the sleep controlling neural mechanisms of the brain?; (3) Do
2variables such as total sleep time, REM sleep time, and SWS time vary predictably with
individuals that possess rhythmic circadian patterns as opposed to individuals that are
distinguishably arrhythmic? It will be interesting to investigate whether factors, such as a
regressed visual system and an unusual circadian rhythm, have a significant effect on sleep
parameters in this microphthalamic species of rodent.
1.2 Background
1.2.1 Mole rats
The rodent family Bathyergidae, comprising five genera of mole rats, is separated into
two sub-families, namely Bathyerginae (containing the single genus Bathyergus) and
Georychinae (comprised of the remaining four genera; Heterocephalus, Heliophobius,
Georychus and Cryptomys) (Roberts, 1951; De Graaf, 1981). In comparison to other families
of mole rats, Bathyergidae exhibits the greatest variation of social organisation that ranges
from strictly solitary to cooperative breeding and eusociality. It has been reported that the
social Bathyergids characteristically share a burrow system, live together throughout the year
and limit reproduction to a single breeding female and a few males (Bennett and Faulkes,
2000). It has been shown that the Bathyergids have a dispersed pattern of activity during a 24
hour cycle and that these patterns are not necessarily influenced by changes in burrow
temperature or photoperiod but rather influenced by the risk of hyperthermia in foraging
tunnels (Bennett, 1992; Lovegrove, 1988). It appears that most mole rats spend the majority
of time within the nest chambers either resting or sleeping; however, the Bathyergid family
reports an indistinct sleeping period. Interestingly though, the breeding female (queen) is the
most active member of social Bathyergids despite the presence of behavioural division of
labour. The concept of behavioural division of labour is based on the frequency of burrow
maintenance (these include nest building, digging, transporting food and soil) and is
3performed by individuals belonging to three castes within the colony namely; the ‘frequent
workers’, the ‘infrequent workers’ and the ‘non-workers’ (Jarvis, 1981). In addition it has
been previously shown that species of the Bathyergidae family demonstrate a seasonal
breeding pattern (Jarvis, 1969; Bennett and Jarvis, 1988; Van der Horst, 1972).
1.2.2 Evolution of mammalian Sleep
Currently, studies aimed at understanding the evolution of mammalian sleep comprise
isolated studies of distantly related species. As an example, it was thought that the
monotremes, the earliest distinct extant branch of mammals, lacked REM sleep (Allison and
Van Twyver, 1970) and it was concluded that REM sleep evolved after the divergence of
monotremes from the remainder of mammals and thus existed as an evolutionary novelty in
therian (marsupial and placental) mammals. More recent studies (Siegel et al., 1996, 1998,
1999) however, show that the monotremes actually have more REM sleep than any other
mammal, but the cerebral cortex exhibits slow wave activity during REM periods. Studies
focusing specifically on phenotypical bihemispheric sleep in mammals are less frequent. The
available studies examining bihemispheric sleepers focus upon sleep parameters such as total
sleep time, amount of REM sleep, and their relationship to variables such as body size, brain
size and immaturity at birth. It has been shown that increases in REM sleep time are related
to safe sleeping conditions and immaturity at birth (Siegel, 1995). It was also demonstrated
that the total sleep time is roughly correlated with body size (Siegel, 2003). From these
studies, which do not specifically address the patterns of sleep evolution in mammals in
general, a great deal of speculation has risen regarding the evolution of mammalian sleep
phenomenology and the potential reasons for its existence (for example: Nicolau et al., 2000;
Taylor et al., 2000; Staedt and Stoppe, 2001; Kavanau, 2002; Gamundi et al., 2003). Most of
these studies support evolutionary adaptation, citing specific selection pressures, as the
4reason behind the appearance of mammalian sleep phenomenology. All these studies have
examined sleep evolution at the phylogenetic level of the class and none have examined more
specific phylogenetic levels.
Another line of investigation has been those studies that have examined
phenotypically unusual (in the mammalian sense) sleep patterns, such as those of the
unihemispheric slow wave sleep (USWS) in dolphins and whales, eared seals and manatees
(reviewed in Rattenborg et al., 2000).  The first electroencephalographic (EEG) evidence for
USWS, studied in the pilot whale (Globicephala scammoni), showed that interhemispheric
EEG asymmetry tended to alternate between hemispheres and was subsequently identified as
a state of “relaxed wakefulness” (Shurley et al., 1969; Serafetinides et al., 1972), but
Mukhametov et al (1977) were the first to classify interhemispheric asymmetry in cetaceans
as USWS. The function of cetacean USWS has been isolated to the maintenance of the
necessary motor activity required for breathing (Mukhametov et al., 1988). It has been argued
that the physical movements and reflexes required for cetacean respiration are incompatible
with bilateral slow wave sleep (BSWS) since the muscle atonia during REM may adversely
affect cetacean respiratory mechanisms, henceforth propagating a potential explanation for
the nearly absent nature of cetacean REM sleep (Mukhammetov, 1984; 1988; 1995). In
somewhat contrast to the cetaceans, eared seals have reported distinguishable USWS, BSWS
and REM whereas only BSWS and REM were identified in the true seals (Rattenborg et al.,
2000). In the case of the seals, USWS in the eared seals facilitated sleep and breathing at the
surface of the water but the true seals had to hold their breath under water while both
hemispheres sleep simultaneously. On the other hand, in the manatee, USWS has been
reported to play a role in predator detection rather than facilitate motor activities controlling
respiration. The case of the manatee casts inconsistency with the hypothesis that USWS
evolved in aquatic mammals only as a response to facilitate respiration during sleep
5(Rattenborg et al., 2000). These studies show the variability not only in constitution of sleep
but also in its functionality.
Many regard sleep as a physiological and behavioural state, measured by
physiological parameters such as EEG, EKG, EOG, EMG, specific single unit neuronal
measures, behavioural in-activity, and non-responsiveness; however, sleep is controlled by an
anatomically distinct set of nuclei lying within the ventral portion of the brain (hypnogenic
system) (Siegel, 2004). Manger (2005) suggested that there is a potential predictability of the
anatomy of the neural systems that control sleep and other functions. Earlier studies (Manger
et al 2002a, b, c, 2003, 2004) have shown that a distinct evolutionary trend in the nuclear
complexity of neural systems is present. Changes in the complexity (in terms of the number of
homologous nuclei) of the neural systems implicated in sleep-wake control is consistent
within a mammalian order, but may change between mammalian orders.  Therefore any
evolutionary changes in the anatomy of the hypnogenic system should result in evolutionary
changes in both physiological and behavioural parameters associated with sleep. It can be
argued that at the phylogenetic level of the class there is predictability, in that all mammals
exhibit some form of REM and SWS as a constraining feature of being a mammal, while birds
and reptiles also show a class phenotypic type of sleep physiology. While this is true, and is
the level of understanding that previous studies have taken us to, it doesn’t examine sleep
physiology and behaviour in a more specific manner. Sleep studies targeting the phylogenetic
level of the order have been ignored. The current series of studies attempts to provide data
relevant to this, by examining a species of rodent that has undergone a major reduction in the
visual system and show an unusual circadian pattern. Most terrestrial mammals exhibit a
lifestyle above the ground however the mole rats of the present series of studies are
exclusively subterranean. It is also known that circadian patterns are regulated by exposure to
cycles of light and dark therefore the unique features (i.e. regressed visual system and unusual
6patterns of circadian rhythmicity) of the species of rodent studied herein provide interesting
material to determine whether this species of mole rat conforms to “typical” rodent sleep, or is
there a level of adaptive flexibility apparent?
1.3 Specific Aims
With regard to the present series of studies, there are four specific aims: (1) To examine
the nuclear complexity of the various hypnogenic neural systems in various species of mole
rat; (2) To record sleep parameters such as EEG and EMG in a species of mole rat where
distinct circadian rhythmicity patterns vary between individuals; (3) To determine if distinct
patterns of circadian rhythmicity lead to predictable and observable differences in sleep
phenomenology compared to other rodents; and (4) To determine if the somnogenic system
anatomy can provide clues to any predictability or variance in the recordable sleep
parameters.
1.4 Individual Chapters
1.4.1 Chapter 2: Nuclear organisation and morphology of cholinergic, putative
catecholaminergic and serotonergic neurons in the brains of two African mole
rats
The distribution, morphology and nuclear subdivisions of the cholinergic, putative
catechlolaminergic and serotonergic systems within the brains of two species of African mole
rat (Cape dune mole rat – Bathyergus suillus; highveld mole rat – Cryptomys hottentotus
pretoriae) were identified following immunohistochemistry for cholineacetyltransferase,
tyrosine hydroxylase and serotonin. The aim of the study was to investigate possible
differences in the complement of nuclear subdivisions of these systems by comparing those
7of the mole rats to published studies of other rodents. The mole rats used exhibit a major
reduction of the visual system, unusual circadian rhythms and live a subterranean lifestyle.
These wild caught animals also have differing social systems, the Cape dune mole rat is
strictly solitary whereas the highveld mole rat occurs in social familial units. While these
differences, especially that of the phenotype, may lead to the prediction of significant
differences in the nuclear complement of these systems, it was observed that all nuclei
identified in all three systems in the laboratory rat and other rodents had direct homologues in
the brains of the mole rats studied. There were no additional nuclei in the brains of the mole
rats that are not found in laboratory rat or other rodents and vice versa. The mole rats are
phylogenetically distant from the laboratory rat, but still part of the order Rodentia. It appears
that despite the unique lifestyle and phenotype of the mole rats examined, changes in nuclear
organisation of the systems studied appear to demonstrate a form of constraint related to the
phylogenetic level of the order (see appendix A).
1.4.2 Chapter 3: Distribution of orexinergic neurons and terminal networks in the
brains of two African mole rats
The distribution of orexinergic cell bodies and terminal networks within the brains of
two species of African mole rat (Cape-dune mole rat – Bathyergus suillus and highveld mole
rat – Cryptomys hottentotus) were identified using immunohistochemistry for orexin-A. The
aim of the study was to investigate possible differences in the nuclear complement and
terminal distribution of this system by comparing those of the mole rats to published studies
of other rodents and mammals. The wild-caught mole rats used in this study live a
subterranean lifestyle and are well known for their regressed visual system, which may lead
to the prediction of differences in the distribution of the cell bodies and the terminal
networks; however, we found that both species of mole rat displayed orexinergic nuclei
8limited to the hypothalamus in regions similar to those previously reported for other rodent
and mammalian species. No immunoreactive neurons could be identified, in either species of
mole rat, within the anterior hypothalamic paraventricular organ as was reported for Murid
rodents. The terminal networks, while remaining similar between the species, are more
overtly expressed in the Cape-dune mole rat than in the highveld mole rat, however, a few
intra-order and interspecific exceptions were noted within the intergeniculate nucleus,
superior colliculus and area postrema (see appendix B).
1.4.3 Chapter 4: Sleep and wake in rhythmic vs arrhythmic chronotypes of a
microphthalmic species of African mole rat (Cryptomys mechowi).
The giant Zambian molerat (Cryptomys mechowi) is a subterranean African rodent
noted for its regressed visual system and unusual patterns of circadian rhythmicity – within
this species some individuals exhibit distinct regular circadian patterns while others have
arrhythmic circadian patterns. The current study was aimed at understanding whether
differences in circadian chronotypes in this species affects the patterns and proportions of the
different phases of the sleep-wake cycle. Physiological parameters of sleep (EEG and EMG)
and behaviour (video recording) were recorded continuously for 72 hours each from six mole
rats (three rhythmic and three arrhythmic) using a telemetric system and a low light CCTV
camera connected to a DVD recorder. The telemetric data was scored (in both 5 s and 1 min
intervals) as wake, sleep (SWS) and rapid eye movement (REM) stages subject to the
correlation between EEG, EMG and behaviour. Spectral power was calculated for EEG in
each implanted individual, which assisted in understanding the sleep phases and the intensity
of slow wave sleep (SWS) between the chronotypes. In addition REM periodicity was
calculated from which sleep cycle length was inferred. The results indicate that the
arrhythmic individuals spend more time in waking with a longer average duration of a
9waking episode, less time in SWS with a shorter average duration of a SWS episode though a
greater slow wave sleep intensity, and similar sleep cycle lengths. The time spent in REM
and the average duration of a REM episode remained similar between the chronotypes.
1.4.4 Chapter 5: Orexinergic neuron numbers in three species of African mole rats
with rhythmic and arrhythmic chronotypes
In this chapter orexinergic cell bodies within the brains of rhythmic and arrhythmic
circadian chronotypes from three species of African mole rat (Highveld mole rat - Cryptomys
hottentotus pretoriae, Ansel’s mole rat – Fukomys anselli and the Damaraland mole rat –
Fukomys damarensis) were identified using immunohistochemistry for orexin-A.
Immunopositive orexinergic (Orx+) cell bodies were stereologically assessed and absolute
numbers of orexinergic cell bodies were determined for the distinct circadian chronotypes of
each species of mole rat examined. The aim of the study was to investigate whether the
absolute numbers of identified orexinergic neurons differs between distinct circadian
chronotypes with the hypothesis of elevated hypothalamic orexinergic neurons in the
arrhythmic chronotypes compared to the rhythmic chronotypes.  We found statistically
significant differences between the circadian chronotypes of F. anselli, where the arrhythmic
group had higher mean numbers of hypothalamic orexin neurons compared to the rhythmic
group. These differences were observed when the raw data was compared and when the raw
data was corrected for body mass (Mb) and brain mass (Mbr). C. hottentotus pretoriae showed
tendencies toward the hypothesis though the data was not significantly different. F.
damarensis showed data that was opposite to the hypothesis though this data was not
significantly different. A statistically significant difference was noted between all rhythmic
and arrhythmic individuals of the current study when the counts of orexin neurons were
corrected for Mb, with arrhythmic individuals having larger numbers of orexin cells.
10
1.4.5 Chapter 6: The interrelations of the distribution and terminal networks of sleep
associated nuclei in the brain of an African species of mole rat
In an attempt to broaden the understanding of the sleep-wake cycle, the distribution
and interrelations of sleep associated nuclei needs to be determined. The sleep-associated
nuclei include the cholinergic lateral dorsal tegmental (LDT) and pedunculopontine (PPT)
nuclei, the putative catecholaminergic locus coeruleus (A6) nucleus, the serotonergic raphe
nuclear group, nuclei within the preoptic hypothalamic-basal forebrain region, nucleus of the
solitary tract, and nucleus reticularis (Siegel, 1990). In terms of the generalised stages of the
sleep wake cycle, the LDT and PPT have been implicated in the arousal of waking, whereas
the raphe nuclei reportedly have some influence on wakefulness that induces non-REM
(NREM) sleep but the posterior hypothalamus has been identified as the ‘centre of waking’.
The NREM stage appears to be controlled by the nucleus of the solitary tract, nucleus
reticularis and mainly the preopotic hypothalamic-basal forebrain region (which encompasses
the nucleus of the diagonal band, the substantia innominata, and the lateral preoptic area).
REM sleep on the other hand, appears under control of nuclei located caudal to the midbrain
and rostral to the spinal cord, though the inactivity of locus coeruleus during this phase may
result in the loss of muscle tone (Siegel, 1990; Lyamin et al., 2008). In this chapter, brains,
from distinct cicardian chronotypes in which sleep was recorded (discussed in Chapter 4),
were collected and later sectioned (50µm) and stained in a one in ten series for nissl, myelin,
choline acetyltransferase (ChAT), tyrosine hydroxylase (TH), serotonin (5-HT), orexin
(OrxA), histamine (Hst) calbindin (CB), calretonin (CR) and parvalbumin (PV). The
antibodies for PV, CB and CR stain specifically for cell bodies and terminal networks
associated with the GABAergic system. The aim of the study was to determine the nuclear
distribution (of each of the aforementioned systems) and extent of their interrelations, for
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example, do the GABA-ergic terminal networks represent a high, medium or low density
around the LDT and so forth.
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Chapter 2 - Nuclear organisation and morphology of cholinergic, putative
catecholaminergic and serotonergic neurons in the brains of two African
mole rats
2.1 Introduction
Nearly half of all known mammalian species, over 2300, belong within the order
Rodentia (Jansa and Weksler, 2004).  Of these, the laboratory rat and mouse are the most
commonly used animal models in modern neuroscience (Manger et al., 2008); however, the
extent to which the brains of these two species are representative of rodents, mammals, or
indeed humans remains unclear.  While there are many similarities, the differences are also
quite significant, and knowledge of these similarities and differences in the structure of the
brain within rodents is essential in aiding interpretation of the often-extrapolated findings
based on studies of neural systems of laboratory rat and mouse to humans and other
mammals.  The question that might be posed here is: are the laboratory rodents always the
best model animal to use when attempting to understand aspects of human brain function or
dysfunction?
A recent study detailing the occurrence of cholinergic neurons in the cerebral cortex
of various species of rodent revealed that these neurons were present in the cortex of
members of the sub-family Muridae, but absent in the cortex of other species of rodent
including the highveld mole-rat (Bhagwandin et al., 2006). However, a number of studies of
two immunohistochemically identifiable neural systems (the catecholaminergic and
serotonergic systems) within the subcortical regions of the brain of various rodents, such as
the laboratory rat (Dahlström and Fuxe, 1964; Fuxe et al., 1969, 1970; Lindvall and
Bjorklund, 1974; Bjorklund and Lindvall, 1984; Steinbusch, 1981; Hökfelt et al., 1976, 1984;
Törk, 1990), laboratory mouse (Ruggerio et al., 1984; Daszuta and Portalier, 1985; Ishimura
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et al., 1988; Léger et al., 1998; Satoh et al., 1991; D’Este et al., 2007), highveld mole-rat (Da
Silva et al., 2006), grass rat (Mahoney et al., 2007), guinea pig (Mulders and Robertson,
2005), hamster (Vincent, 1988), Mongolian gerbil (Janusonis et al., 1999, 2003; Janusonis
and Fite, 2001), Chilean degus (Fite and Janusonis, 2001), highveld gerbil (Moon et al.,
2007) and greater canerat (Dwarika et al., 2008), have all demonstrated that the nuclear
organization of these systems are the same despite differences in phenotype, life history and
many millions of years since the occurrence of the most recent common ancestor.
It has been hypothesised that irrespective of brain size, phenotype or life history,
those species of the same mammalian order will exhibit the same complement of homologous
nuclei, at the systems level of organization, for the imunohistochemically identifiable
neuronal systems (Manger, 2005). Recent studies in rodents have shown that despite major
increases in brain size (Dwarika et al., 2008), large phylogenetic distances (Da Silva et al.,
2006; Moon et al., 2007; Dwarika et al., 2008), and substantive differences in phenotype (Da
Silva et al., 2006; Moon et al., 2007; Dwarika et al., 2008), the nuclear organization of the
catecholaminergic and serotonergic systems was identical. The cholinergic system has yet to
be examined fully in this comparative sense, apart from the cortical cholinergic neurons
(Bhagwandin et al., 2006); however, it may be predicted that all rodent species will show the
same complement of homologous nuclei for the cholinergic system, as seen thus far for the
catecholaminergic and serotonergic systems.
The current study extends the earlier work of Da Silva et al. (2006) by using two
species of mole-rat, the highveld mole-rat (Cryptomys hottentottus pretoriae) and the Cape
dune mole-rat (Bathyergus suillus) (Fig. 2.1), and examining the entire brain of each using
immunohistochemistry for choline acetyltransferase, tyrosine hydroxylase and serotonin. This
allows us to describe the nuclear organization and neuronal morphology of the cholinergic,
putative catecholaminergic and serotonergic systems. Both species studied have a greatly
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reduced visual system (Oelschlager et al., 2000; Cernuda-Cernuda et al., 2003; Nemec et al.,
2004), are subterranean and rarely exposed to light, and appear to have a free-running
circadian activity oscillator (Lovegrove and Papenfus, 1995; Lovegrove and Muir, 1996;
Negroni et al., 2003; Oosthuizen et al., 2003; Gutjahr et al., 2004). These unusual phenotypic
and physiological features, combined with the phylogenetic distance of both species to the
laboratory rat (Adkins et al., 2003; Faulkes et al., 2004), will provide a strong phenotypic and
phylogenetic test of the hypothesis proposed by Manger (2005). If the prediction of Manger
(2005) is supported, the nuclear organization of the systems under study will be identical to
that seen in the laboratory rat; however, the phenotypic differences may be reflected in
changes such as a reduction in total neuronal numbers within specific nuclei as demonstrated
previously for the highveld mole-rat (Da Silva et al., 2006).
2.2 Materials and Methods
The brains of six adult male highveld mole-rats (Cryptomys hottentotus pretoriae)
(Fig. 2.1A) and six adult male Cape dune mole-rats (Bathyergus suillus) (Fig. 2.1B) were
used in the current study. All animals were treated and used according to the guidelines of the
University of the Witwatersrand Animal Ethics Committee, which parallel those of the NIH
for the care and use of animals in scientific experimentation.  The highveld mole-rats were
captured within the north-eastern portion of Gauteng Province, South Africa, while the Cape
dune mole-rats were caught in the metropolitan region of Cape Town, South Africa, both
under the permission of the relevant Nature Conservation Directorates. Both species of mole
rat display a seasonal breeding pattern. The mole-rats were placed under deep barbiturate
anaesthesia (Euthanaze, 200mg sodium pentobarbital/kg, i.p.), and then perfused
intracardially upon cessation of respiration. The perfusion was initially done with a rinse of
0.9% saline solution at 4°C, followed by a solution of 4% paraformaldehyde in 0.1M
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phosphate buffer (PB, pH: 7.4) (approximately 1 l for each kilogram of body mass of each
solution). Brains were then removed from the skull and post-fixed overnight (24 h) in 4%
paraformaldehyde in 0.1M PB, and then allowed to equilibrate in 30% sucrose in 0.1 M PB.
The brains were then frozen and sectioned into serial coronal and sagittal sections of 50µm
thickness. A one in five series of stains was made for Nissl, myelin, choline-acetyltransferase
(ChAT), tyrosine hydroxylase (TH), and serotonin (5HT). Sections kept for the Nissl series
were mounted on 0.5% gelatine coated glass slides, cleared in a solution of 1:1 chloroform
and absolute alcohol, then stained with 1% cresyl violet to reveal cell bodies. Myelin sections
were stored in 5% formalin for a period of two weeks and were then mounted on 1% gelatine
coated glass slides and subsequently stained with silver solution to reveal myelin sheaths
(Gallyas, 1979).
For immunohistochemical staining the sections were first treated for 30 min with an
endogenous peroxidase inhibitor (49.2% methanol: 49.2% of 0.1PB: 1.6% of 30% H2O2)
followed by three 10 min rinses in 0.1M PB. This was followed by a 2 hour pre-incubation, at
room temperature, in a solution (blocking buffer) containing 3% normal goat serum (NGS)
for serotonin and TH but 3% normal rabbit serum (NRS) for ChAT sections, 2% bovine
serum albumin (BSA, Sigma), and 0.25% Triton X-100 (Merck) in 0.1M PB. The sections
were then placed in a primary antibody solution containing the appropriately diluted antibody
in blocking buffer (as described above) for 48 hours at 4°C under constant gentle shaking. To
reveal cholinergic neurons we used anti-cholineacetyltransferase (AB144P, Chemicon, raised
in goat) at a dilution of 1:1500. To reveal putative catecholaminergic neurons we used anti-
tyrosine hydroxylase (TH) (AB151, Chemicon, raised in rabbit) at a dilution of 1:6000. To
reveal serotonergic neurons we used anti-serotonin (AB938, Chemicon, raised in rabbit) at a
dilution of 1:7500. This step was followed by three 10 min rinses in 0.1M PB, after which the
sections were incubated in a secondary antibody for two hours (room temperature, 22-24°C).
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The secondary antibody solution contained a 1:500 dilution of biotinylated anti-rabbit IgG
(BA-1000, Vector Labs) in 3% NGS (or anti-goat IgG, BA-5000 in 3% NRS for the ChAT
sections), and 2% BSA in 0.1M PB. After three 10 min rinses in 0.1M PB, the sections were
incubated for 1 hour in AB solution (Vector Labs), and again rinsed. The sections were then
treated in a solution of 0.05% diaminobenzidine (DAB) in 0.1M PB for 5 minutes, following
which 3µl of 30% H2O2 was added to each 1 ml of solution in which each section was
immersed. Staining development was monitored visually and checked under a low power
stereomicroscope. This was allowed to continue until the background staining was at a level
at which it could assist reconstruction without obscuring the immunopositive neurons.
Development was then arrested by placing the sections in 0.1M PB, and then rinsed twice
more in the same solution. Sections were mounted on glass slides coated with 0.5% gelatine
and left to dry overnight. They were then dehydrated in a graded series of alcohols, cleared in
xylene, and coverslipped with Depex. Two controls were employed in the
immunohistochemistry, including the omission of the primary antibody, and omission of the
secondary antibody in selected sections from which no staining was evident.
The sections were observed with a low power stereomicroscope, and the architectonic
borders of the sections traced according to the Nissl and myelin stained sections using a
camera lucida. The immuno-stained sections were then matched to the drawings and the
immuno-positive neurons marked. The drawings were then scanned and redrawn using the
Canvas 8 drawing program. The nomenclature used for the cholinergic system was adopted
from Woolf, (1991), Manger et al. (2002a), Maseko and Manger (2007), and Maseko et al.
(2007), the putative catecholaminergic system from Dahlström and Fuxe (1964), Hökfelt et
al. (1984), Smeets and Gonzalez (2000), Manger et al. (2002b), Maseko and Manger (2007),
Maseko et al. (2007), Moon et al. (2007), and Dwarika et al. (2008) and for the serotonergic
system from Törk, (1990), Bjarkam et al. (1997), Manger et al. (2002c), Maseko and Manger
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(2007), Maseko et al. (2007), Moon et al. (2007), and Dwarika et al. (2008).  While we use
the standard nomenclature for the catecholaminergic system in this paper, we realise that the
neuronal groups we revealed with tyrosine hydroxylase immunohistochemistry may not
correspond directly with these nuclei as has been described in previous studies by Dahlström
and Fuxe (1964),Hökfelt et al. (1976), Meister et al. (1988), Kitahama et al. (1990, 1996),
and Ruggerio et al. (1992).  However, given the striking similarity of the results of the
tyrosine hydroxylase immunohistochemistry to that seen in other mammals we feel this
terminology is appropriate.  Clearly further studies in the mole-rat species used with a wider
range of antibodies, such as those to phenylethanolamine-N-methyltransferase (PNMT),
dopamine-β-hydroxylase (DBH) and aromatic L-amino acid decarboxylase (AADC) would
be required to fully determine the implied homologies ascribed in this study.  We address this
potential problem with the caveat of putative catecholaminergic neurons where appropriate in
the text.
2.3 Results
In the current study the cholinergic, putative catecholaminergic, and serotonergic
systems of two species of mole-rat were visualised using immunohistochemical techniques.
The two species of mole-rat used, the highveld mole-rat (Cryptomys hottentotus pretoriae)
and the Cape dune mole-rat (Bathyergus suillus) (Fig. 2.1), while being closely related
(Bennett and Faulkes, 2000), differ substantially in both body and brain mass, where the
Cape dune mole-rats had an average body mass of 965 g and an average brain mass of 3.4 g,
while the highveld mole-rats had an average body mass of 86.5 g and an average brain mass
of 1.5 g.  Our analysis of these systems indicated extreme similarity in terms of both nuclear
organization and neuronal morphology, thus the following description applies to both species
unless otherwise specified.  Moreover, the cohort of nuclei described in the present study for
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the two species of mole-rat does not differ from observations previously provided for these
systems in other rodent species (e.g. Da Silva et al., 2006; Moon et al., 2007; Dwarika et al.,
2008).
2.3.1. Cholinergic Neurons
The cholinergic system of mammals is most often divided into striatal, basal
forebrain, diencephalic, and pontomesencephalic groups, as well as the motor cranial nerve
nuclei (Woolf, 1991; Manger et al., 2002a; Maseko et al., 2007).  Each of these groups
contains a cluster of distinct nuclei that are found throughout the brain from the level of the
anterior horn of the lateral ventricle through to the spino-medullary junction.  The mole-rats
investigated showed no specific differences to this general mammalian organizational plan.
2.3.1.1 Striatal cholinergic interneurons
2.3.1.1.1 Nucleus Accumbens
A cluster of choline acetyltransferase immunopositive (ChAT+) neurons located
ventral to the dorsal striatopallidal complex (caudate, putamen, globus pallidus, see below)
was designated as the nucleus accumbens.  The anterior border of this nucleus was coincident
with the anterior border of the lateral ventricle and the posterior border was located at the
level of the anterior commissure (Figs. 2.2D-F, 2.3C-E). The location of the nucleus
accumbens in the mole-rat species studied is typical of all mammals (Woolf, 1991; Manger et
al., 2002a; Maseko et al., 2007). There was a moderate density of ChAT+ neurons throughout
this nucleus and the cell bodies were ovoid in shape. These neurons evinced a varying
mixture of bipolar and tripolar types and showed no specific dendritic orientation (Fig. 2.4A).
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2.3.1.1.2 Dorsal Striatopallidal Complex - Caudate/Putamen and Globus Pallidus
This nuclear complex was located between the level of the anterior border of the
lateral ventricle (anteriorly) and at the level of the habenular nuclei (posteriorly) within the
cerebral hemisphere (Figs. 2.2D-I, 3C-H). It is not until the level of the globus pallidus that
the caudate and putamen form distinct nuclei that are clearly split by the internal capsule. A
moderate density of ChAT+ interneurons were observed throughout the caudate and putamen.
Within the ventral portion of the globus pallidus, at its borders with the putamen and nucleus
basalis (see below), a small number of ChAT+ neurons were observed. The ChAT+ neurons
were ovoid in shape, mostly bipolar, but with some multipolar forms, and showed no specific
dendritic orientation (Fig. 2.4A).
2.3.1.1.3 Islands of Calleja and Olfactory Tubercle
These nuclei were found in the ventral most portion of the anterior part of the
telencephalon deep to the nucleus accumbens from the level of the anterior pole of the lateral
ventricle to the level of the globus pallidus (Figs. 2.2D-F, 2.3C-E). A moderate density of
ChAT+ neurons was observed throughout the olfactory tubercle with some clustering of
neurons in the ventral most portion representing the islands of Calleja. The cell bodies were
ovoid in shape, a varying mixture of bi- and multipolar types and exhibited a weak
mediolateral dendritic orientation.
2.3.1.2 Cholinergic nuclei of the Basal Forebrain
2.3.1.2.1 Medial Septal Nucleus
This nucleus was located in the rostral half of the medial wall of the cerebral
hemispheres within the septal nuclear complex below the rostrum of the corpus callosum in a
position dorsal to the diagonal band of Broca (see below) (Figs. 2.2E, 2.3E-F). A moderate to
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high density of ChAT+ neurons was found throughout this nucleus. The ChAT+ neurons
were ovoid in shape, a varying mixture of bi- and multipolar types, and had a rough
dorsoventral orientation of the dendrites.
2.3.1.2.2 Diagonal band of Broca
The diagonal band of Broca was located in the ventromedial corner of the cerebral
hemispheres in a position anterior to the hypothalamus (Figs. 2.2D-E, 2.3D-F). A moderate to
high density of ChAT+ neurons was found throughout this nucleus. The neuronal cells of this
nucleus were slightly larger than those of adjacent cholinergic groups but they maintained an
ovoid shape and were a mixture of bi- and multipolar types (Fig. 2.4A). The dendrites were
oriented parallel to the ventromedial edge of the cerebral hemisphere.  It was possible to
divide this nucleus into both horizontal and vertical limbs, but this was not deemed necessary
since it would not add any value to the description.
2.3.1.2.3 Nucleus Basalis
ChAT+ neurons located ventral to the anterior pole of globus pallidus at the level of
the anterior commissure as well as in a position ventral to globus pallidus and caudal to the
olfactory tubercle were assigned to the nucleus basalis (Figs. 2.2F-I, 2.3F-H). A varying
density, from low to high, of ChAT+ neurons was seen throughout this region. At the caudal
region of this nucleus the neurons appear to be continuous with those of the ventral portion of
the globus pallidus (see above). These ChAT+ neurons were a mixture of ovoid and fusiform
shapes, showed a varying combination of bi- and multipolar types, and evinced no specific
dendritic orientation.
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2.3.1.3 Diencephalic Cholinergic nuclei
2.3.1.3.1 Medial Habenular Nucleus
The medial habenular nucleus, which contained a dense aggregation of ChAT+
neurons, formed part of the epithalamus and was located in the dorsomedial aspect of the
diencephalon adjacent to the third ventricle (Figs. 2.2I, 2.3H-I). The ChAT+ neurons in this
nucleus were round and small in shape, and due to the dense packing it was impossible to
determine if there was any specific dendritic orientation (Fig. 2.4B). The axons emanating
from these neurons formed the distinct fasciculus retroflexus that was visible with ChAT
immunoreactivity along its entire trajectory to the interpeduncular nucleus.
2.3.1.3.2 Dorsal Hypothalamic Group
Located within the dorsomedial aspect of the hypothalamus between the third
ventricle and the fornix, a cluster of ChAT+ neurons, intermingled with those of the A15D
nucleus (see below) was designated as the dorsal hypothalamic cholinergic group (Figs.
2.2G-I, 2.3I-K). The ChAT+ neurons were sparsely populated within this nucleus and they
were also not intensely ChAT immunoreactive (in comparison to other immunoreactive
neurons). These ChAT+ neurons were round to fusiform in shape and showed no specific
dendritic orientation.
2.3.1.3.3 Lateral Hypothalamic Group
This nucleus was located within the dorsolateral portion of the hypothalamus, lateral
to the fornix, and contained palely stained ChAT+ neurons, in a low to moderate density
(Figs. 2.2H-I, 2.3J). The neurons forming this nucleus were intermingled with those of A13
nucleus (see below). The cell bodies of the ChAT+ neurons were ovoid in shape, bipolar in
type and exhibited no specific dendritic orientation.
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2.3.1.3.4 Ventral Hypothalamic Group
The ChAT+ neurons representing this nucleus were located in the ventral portion of
the hypothalamus and were intermingled with neurons of the A12 and A15v nuclei (see
below) respectively (Figs. 2.2H-I, 2.3J).  At the midline a moderate density of ChAT+
neurons were found, but the density decreased steadily with distance from the midline. The
neuronal bodies were round, bipolar in type, and exhibited a rough mediolateral dendritic
orientation.
2.3.1.4 Pontomesencephalic Cholinergic nuclei
2.3.1.4.1 Parabigeminal Nucleus
Located at the very lateral aspect of the pontine tegmentum, ventral to the inferior
colliculus, was a small cluster of ChAT+ neurons that were assigned to the parabigeminal
nucleus (Fig. 2.3N).   As previously reported (Da Silva et al., 2006) there were less than10
neurons in this nucleus in the highveld mole-rat, but up to approximately 50 neurons could be
observed in this nucleus in the larger-brained Cape dune mole-rat. The neurons were palely
stained as reported previously for rodents (Woolf, 1991) and specifically the highveld mole-
rat (Da Silva et al., 2006), were found in a very low density, appeared ovoid in shape, were
bipolar and showed no specific dendritic orientation.
2.3.1.4.2 Pedunculo-Pontine Tegmental (PPT) Nucleus
The ChAT+ neurons comprising the PPT nucleus were located within the dorsal
aspect of the pontine tegementum immediately inferior to the superior cerebellar peduncle,
from the level of the oculomotor nucleus to the trigeminal motor nucleus, a position that is
typical of all mammals (Figs. 2.2N-O, 2.3M-O) (Woolf, 1991; Manger et al., 2002a; Maseko
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et al., 2007). A moderate to high density of intensely reactive ChAT+ neurons were found
throughout the region. The cell bodies of the ChAT+ neurons were of a mixture of varying
shapes, and the neurons themselves expressed a mixture of bi- and multipolar types, with no
specific dendritic orientation irrespective of polarity (Fig. 2.4C).
2.3.1.4.3 Laterodorsal Tegemental (LDT) Nucleus
A cluster of ChAT+ neurons located within the ventrolateral portion of the peri-
aqueductal and periventricular grey matter, immediately caudal to the oculomotor nucleus
were classified as belonging to the LDT nucleus (Figs. 2.2N-O, 2.3N-O). These neurons were
seen to intermingle with the caudal-most neurons of the diffuse division of the locus
coeruleus (A6d) neurons (see below). A moderate to high density of ChAT+ neurons were
found throughout this region. The cell bodies were a mixture of ovoid and other shapes,
mostly multipolar in type, with a predominant dorsomedial to ventrolateral dendritic
orientation (Fig. 2.4C).
2.3.1.5 Cholinergic Cranial Nerve Motor Nuclei
These nuclei were found in positions typical of all mammals and all contained large
multipolar motor neurons (Woolf, 1991; Manger et al., 2002a; Maseko et al., 2007). The
ChAT+ nuclei identified in both mole-rat species include: a fused oculomotor (III) and
trochlear (IV) nucleus (Fig. 2.4D), motor division of the trigeminal (Vmot), adbucens (VI),
dorsal and ventral subdivisions of the facial (VIId and VIIv), nucleus ambiguus, dorsal motor
vagus (X), hypoglossal (XII), Edinger-Westphal (EW), medullary tegemental field (mtf) and
the preganglionic motor neurons of the salivatory (pVII) and the glossopharyngeal (pIX)
nerves (Figs. 2.2M-V, 2.3L-U). The few, small, round, palely stained ChAT+ neurons of the
Edinger-Westphal nucleus, a primarily visual structure, were located in the midline between
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the fused oculomotor and trochlear nuclei and this nucleus was generally very reduced in size
compared to other mammals. ChAT+ neurons found belonging to the pVII and pIX nerves
were located in a region dorsal to the dorsal division of the facial nucleus and ventral to the
abducens and dorsal motor vagus nuclei in the medullary tegmentum and evince a similar
morphology to all other motor neurons. Caudal to these, cholinergic neurons of a similar
morphology were assigned to the medullary tegmental field.
2.3.2 Putative Catecholaminergic Nuclei
Tyrosine hydroxylase immunoreactive neurons (TH+), classified in this study as
putative catecholaminergic neurons (see above), formed a number of identifiable nuclear
complexes and nuclei that were found throughout the brains of the mole-rats studied
extending from the olfactory bulbs to the spinomedullary junction. The locations of these
nuclear complexes and nuclei were identical to those seen in other rodents and other
mammals, and divisible into distinct regional clusters including the olfactory bulb,
diencephalic, midbrain, pontine and medullary nuclei. For simplicity, the nuclei are referred
to using the nomenclature of Dahlström and Fuxe (1964) and Hökfelt et al (1984).  No
putative catecholaminergic nuclei outside the bounds of the classically defined nuclei (e.g.
Smeets and González, 2000) were found.
2.3.2.1 Olfactory Bulb (A16)
A high density of TH+ neurons, probably representing periglomerular dopaminergic
interneurons were found within the stratum granulosum of the olfactory bulb (Figs. 2.2A,
2.3A). The cell bodies were ovoid to triangular in shape, small in size, multipolar and were
found surrounding the glomeruli, especially so the deeper aspect. A dense dendritic network
emanating from these neurons was seen to surround the glomeruli.
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2.3.2.2 Diencephalic Nuclei
Six clusters of TH+ neurons, forming distinct nuclei, were observed within the
hypothalamus, these being: the anterior hypothalamic group, dorsal division (A15d); the
anterior hypothalamic group, ventral division (A15v); the rostral periventricular cell group
(A14); the zona incerta (A13); the tuberal cell group (A12); and the caudal diencephalic
group (A11) (Figs. 2.2G-K, 2.3H-K).  Within the dorsal anterior portion of the hypothalamus,
between the third ventricle and the fornix intermingled with cholinergic neurons of the dorsal
hypothalamic group (see above), a moderate density of TH+ neurons representing the A15d
nucleus was found. These neurons were ovoid in shape, bipolar and showed a mostly
mediolateral dendritic orientation. The A15v nucleus was located in the ventrolateral portion
of the hypothalamus close to the floor of the brain. A low to moderate density of TH+
neurons was found in this region and the cell bodies of these were ovoid in shape, bipolar,
with a dendritic orientation running parallel to the floor of the hypothalamus (Fig. 2.5D).
TH+ neurons assigned to the A14 nucleus were found in bilateral low to moderately densely
packed columns adjacent to the lateral edges of the third ventricle. The cell bodies were ovoid
in shape, predominantly bipolar but there were some multipolar neurons, and exhibited a
dendritic orientation, for the most part, parallel to the lateral wall of the third ventricle (Fig.
2.5C). Within the dorsolateral aspect of the hypothalamus, lateral to the fornix and
intermingling with the zona incerta of the ventral thalamus and the cholinergic neurons of the
lateral hypothalamic group (see above) was a small number of TH+ neurons that were
assigned to the A13 nucleus. These neurons appeared to form a lateral continuation of the
A15d neurons and showed a similar ovoid, bipolar morphology with a mediolateral dendritic
orientation. TH+ neurons assigned to the A12 nucleus were found in the ventral medial
portion of the hypothalamus, surrounding and below the floor of the third ventricle in the
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vicinity of the arcuate nucleus. These neurons were ovoid, bipolar and showed a dendritic
orientation either parallel to the floor of the hypothalamus or the wall of the third ventricle
(Fig. 2.5D). Within the hypothalamic grey matter adjacent to the posterior pole of the third
ventricle, a moderate density of TH+ neurons were located and these formed the A11
nucleus. For the most part, these neurons were ovoid and bipolar with a dorsoventral
dendritic orientation (Figs. 2.5A,B).
2.3.2.3 Midbrain Nuclei
2.3.2.3.1 Ventral Tegmental Area Nuclei (VTA, A10 complex)
In the medial portion of the tegmentum of the midbrain at the level of the oculomotor
nucleus, a nuclear complex containing four nuclei (A10 – ventral tegmental area, A10c –
ventral tegmental area central, A10d – ventral tegmental area dorsal, A10dc – ventral
tegmental area dorsal caudal) was found. These nuclei extended from within the
periaqueductal grey matter around the base of the aqueduct, into the tegmentum below the
periaqueductal grey matter around the midline, through to and around the interpeduncular
nucleus (Figs. 2.2K-M, 2.3K-M).  A high density of TH+ neurons, found dorsal and
dorsolateral to the interpeduncular nucleus, between this nucleus and the root of the
oculomotor nerve (IIIn), was assigned to the A10 nucleus. These neurons were ovoid in
shape, bipolar in type and the dendrites were oriented parallel to the edge of the
interpeduncular nucleus (Figs. 2.5E, 2.6).  Immediately dorsal to the interpeduncular nucleus
intermingled with neurons of the CLi (see below), in a location just anterior to the
decussation of the superior cerebellar peduncle, was a dense cluster of ovoid, bipolar TH+
neurons forming the A10c nucleus (Figs. 2.5E, 2.6). The dendrites of these neurons were
oriented parallel to the dorsal margin of the interpeduncular nucleus. Immediately dorsal to
A10c, between it and the oculomotor nucleus, was a dense bilateral parasagittal cluster of
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ovoid, bipolar TH+ neurons, with a dorsoventral dendritic orientation, that formed the A10d
subdivision (Figs. 2.5B,E, 2.6). The TH+ neurons assigned to the A10dc nuclear complex
were found within the periaqueductal grey matter adjacent to and surrounding the ventral half
of the cerebral aqueduct. A moderate density of small neurons was seen in this region and the
cell bodies were ovoid in shape, a mixture of bi- multipolar types with a dendritic orientation
running parallel to the edge of the cerebral aqueduct (Figs. 2.5B, 2.6). The number of neurons
in the A10dc nucleus appear to be far more numerous and widespread in the Cape dune mole-
rat when compared with the highveld mole-rat (Fig. 2.7).
2.3.2.3.2 Substantia Nigra (A9)
The substantia nigra nuclear complex was located in the ventral and lateral portions of
the midbrain tegmentum, lying just dorsal to the cerebral peduncles.  Evidence for four
distinct nuclei namely, the substantia nigra, pars compacta (A9pc), substantia nigra, ventral or
pars reticulata (A9v), substantia nigra, pars lateralis (A9l) and substantia nigra, pars medialis
(A9m), were found within the A9 complex (Figs. 2.2J-M, 2.3J-L). A9pc was seen to be a
dense band of TH+ neurons that ran from medial to lateral immediately dorsal to the cerebral
peduncle. The neurons were ovoid in shape, bipolar in type and showed a dendritic
orientation parallel to the mediolateral orientation of the band (Figs. 2.5E, 2.6). Within the
dorsal portion of the cerebral peduncle ventral to A9pc, occasional TH+ neurons that were
ovoid in shape, bipolar in type, with no specific dendritic orientation, were assigned to the
A9v nucleus (Fig. 2.6). Not many neurons were evident in this nucleus in either species. At
the lateral edge of A9pc, a loose aggregation of ovoid, bipolar TH+ neurons formed the A9l
nucleus (Figs. 2.5E, 2.6). Within this nucleus the neurons were moderate in density and
showed no specific dendritic orientation. Medial to A9pc and lateral to the root of the
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oculomotor nerve (IIIn), a dense cluster of ovoid, bipolar TH+ neurons with no specific
dendritic orientation, formed the A9m subdivision (Figs. 2.5E, 2.6).
2.3.2.3.3 Retrorubal Nucleus (A8)
Scattered throughout the midbrain tegmentum, in a position caudal to the
magnocellular division of the red nucleus and dorsal to the A9 complex, was a sparsely
packed but relatively numerous, cluster of TH+ neurons that formed the A8 nucleus (Figs.
2.2M, 2.3L-M). The cells of this region were ovoid in shape, a mixture of bipolar and
multipolar types and showed no specific dendritic orientation.
2.3.2.3.4 The Locus Coeruleus (LC) Nuclear Complex
Within the pontine region a large number of TH+ neurons forming the locus coeruleus
complex were readily identified in both species.  In each mole-rat investigated the locus
coeruleus complex could be readily subdivided into five nuclei, these being: the subcoeruleus
compact portion (A7sc), subcoeruleus diffuse portion (A7d), locus coeruleus diffuse portion
(A6d), fifth arcuate nucleu (A5), and the dorsal medial division of locus coeruleus (A4) (Figs.
2.2N-P, 2.3O).  Within the dorsal portion of the pontine tegmentum adjacent to the
ventrolateral region of the periaqueductal grey matter, a tightly packed cluster of TH+
neurons represented the A7 compact portion of the LC. This division is the same as what was
previously described as the subcoeruleus (Dahlström and Fuxe, 1964; Olson and Fuxe, 1972).
The cells were ovoid in shape, bipolar in type and showed no specific orientation of the
dendrites (Fig. 2.5F). Ventral and lateral to the A7sc, a diffusely organised aggregation of
TH+ neurons formed the A7d nuclear complex. These neurons are located both medially and
laterally around the trigeminal motor nucleus (Vmot). They are more numerous in the cape
dune mole-rat but this appears to be related to the larger brain size rather than a specific
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increase in number that may be interpreted as an adaptive increase in neuronal number. The
TH+ neurons of this region were ovoid in shape, bipolar in appearance and showed no
specific dendritic orientation (Fig. 2.5F). Within the ventrolateral portion of the
periventricular grey matter a loose to moderate density of TH+ neurons were assigned to the
A6d nucleus. The neurons of this group were not found adjacent to the wall of the fourth
ventricle as seen in the laboratory rat (Dahlström and Fuxe, 1964) but were located in the
ventrolateral half of the periventricular grey matter as seen in other rodent species (Moon et
al., 2007; Dwarika et al., 2007). The neuronal morphology was again similar to that of other
nuclei in this complex; however there was a predominant dendritic orientation in the
dorsomedial to ventrolateral plane, although many other dendrites were oriented in various
other directions (Fig. 2.5F).
In the ventrolateral pontine tegmentum lateral to the superior olivary nucleus and
lateral to Vmot and A7d, a small cluster of TH+ neurons formed the A5 nucleus. These
neurons showed irregular somal shapes, were mostly multipolar and formed a rough mesh-
like dendritic network around the ascending fascicles located within the ventrolateral pontine
tegmentum. Immediately adjacent to the wall of the fourth ventricle, in the dorsolateral
portion of the periaqueductal grey matter, a very few TH+ neurons represent the A4 nucleus,
which showed a similar morphology to the neurons of the A6d nucleus.
2.3.2.3.5 Medullary Nuclei
Within the medulla of both species we found evidence for six putative
catecholaminergic nuclei these being: rostral ventrolateral tegmental group (C1), rostral
dorsomedial group (C2), rostral dorsal midline group (C3), caudal ventrolateral tegmental
group (A1), caudal dorsomedial group (A2) and area postrema (AP) (Figs. 2.2Q-U, 2.3Q-T).
The TH+ neurons forming the C1 nucleus were found in the ventrolateral medulla from the
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level of the facial nerve nucleus to the mid-level of nucleus ambiguus. The neurons were
found at a low density throughout the region and the neuronal morphology was similar to
those found in the A5 group. Continuing in the ventrolateral medulla, a column of TH+
neurons located laterally to the posterior most part of the C1 nucleus and extending to the
spinomedullary junction, was designated as forming the A1 nucleus. The somata were
irregular in shape, multipolar and formed a mesh-like dendritic network around the ascending
fascicles. The A1 column was distinguished from the ventrolateral C1 column by occupying a
position lateral to the lateral reticular nucleus and nucleus ambiguus, whereas C1 was located
medial to these structures.
In the dorsal part of the medulla, in the region of the anterior part of the dorsal and
medial border of the nucleus tractus solitarius, a distinct cluster of numerous TH+ neurons
was designated as the C2 nucleus. Within this nucleus there was a clear region close to the
floor of the fourth ventricle termed the dorsal strip and a continuation of this cluster into the
region of the tractus solitarius termed the rostral subdivision of the C2 nucleus. Within the
dorsal strip of C2 the neurons were ovoid in shape, bipolar in appearance and showed a
dendritic orientation parallel to the floor of the fourth ventricle. In the rostral region the cells
were ovoid in shape, a varying mixture of bi- and multi- polar types and there was no specific
orientation of the dendrites. Within the dorsal medial medullary tegmentum at the midline,
dorsal to the raphe obscurus and close to the floor of the fourth ventricle, a small number of
TH+ neurons representing the C3 nucleus were found. These neurons were ovoid in shape,
bipolar in appearance and showed a dorsoventral dendritic orientation. Between the caudal
portions of the dorsal motor vagus and hypoglossal cranial nerve nuclei, a small number of
TH+ neurons represented the A2 nucleus. The cells bodies were ovoid in shape, with the
neurons being mostly bipolar, but there were a few multipolar neurons in this cluster. These
neurons showed a mediolateral orientation of the dendrites. Some of these A2 neurons were
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located a small distance into the dorsal caudal medullary tegmentum. Straddling the midline,
dorsal to the central canal and the dorsal motor vagus nucleus, and between the most caudal
region of the bilateral C2 nucleus, was a single large cluster of intensely stained TH+
neurons, the area postrema. These small round TH+ neurons were very densely packed within
this region and no particular dendritic orientation could be identified.
2.3.3. Serotonergic Nuclei
The serotonergic (5HT+) nuclei identified in the current study of the mole-rats were
the same as those previously identified in all rodents and other eutherian mammals studied to
date (Maseko et al., 2007). The serotonergic nuclei were all located within the brainstem and
can be divided into a rostral and a caudal cluster.  Both of these clusters contained a number
of distinct nuclei that are found throughout the brainstem from the level of the decussation of
the superior cerebellar peduncle through to the spinomedullary junction.
2.3.3.1 Rostral Cluster
2.3.3.1.1 Caudal Linear Nucleus (CLi)
This nucleus was the most rostral of the serotonergic nuclei found in the brains of
both species of mole-rat studied. The 5HT+ neurons formed a cluster around the midline
immediately dorsal to the interpeduncular nucleus in a location just anterior to the
decussation of the superior cerebellar peduncle (Figs. 2.2M, 2.3M). A moderate density of
5HT+ neurons was seen throughout this region and the cell bodies were ovoid in shape,
bipolar and show a dorsoventral orientation of the dendrites in the more dorsal parts of the
nucleus but a mediolateral orientation in the remainder of the nucleus.
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2.3.3.1.2 Supralemniscal (B9) Nucleus
The neurons forming this nucleus appeared to be a lateral extension of the neuronal
cluster comprising the most ventral portion of CLi (see above). The 5HT+ B9 neurons were
found immediately caudal to the A9pc (see above) above the cerebral peduncle and extended
as an arc of neurons into the lateral and ventrolateral portion of the midbrain tegmentum
(Figs. 2.2N, 2.3M-N). The 5HT+ neurons exhibited a low to moderate density throughout this
nucleus and the cell bodies were ovoid in shape, bipolar in type and exhibit a rough
mediolateral dendritic orientation parallel to the upper border of the cerebral peduncle.
2.3.3.1.3 Median Raphe (MnR)
The median raphe nucleus was characterised by two distinct, densely packed 5HT+
neuronal columns on either side of the midline in a para-raphe position (Figs. 2.2N-P, 2.3M-
O).  The rostral border of this nucleus was coincident with the level of the decussation of the
superior cerebellar peduncle and the caudal border of this nucleus was found at the level of
the trigeminal motor nucleus (Vmot, see above). The 5HT+ neurons in this nucleus exhibited
cell bodies that were ovoid in shape, bipolar, and had a mostly dorsoventral dendritic
orientation (Fig. 2.8C,D).
2.3.3.1.4 Dorsal Raphe (DR) Nuclear Complex
Within the 5HT+ neuronal region designated as the dorsal raphe nuclear complex
there were six distinct nuclei, these being: the dorsal raphe interfascicular (DRif) nucleus,
dorsal raphe ventral (DRv) nucleus, dorsal raphe dorsal (DRd) nucleus, dorsal raphe lateral
(DRl) nucleus, dorsal raphe peripheral (DRp) nucleus and the dorsal raphe caudal (DRc)
nucleus (Figs. 2.2L-P, 2.3L-O). These six nuclei were found, for the most part, within the
periaqueductal and periventricular grey matter from the level of the oculomotor nucleus to
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the trigeminal motor nucleus. The DRif was located between the two medial longitudinal
fasciculi and exhibited a high density of 5HT+ neurons that were ovoid in shape, bipolar and
had a dorsoventral dendritic orientation. The DRv was found immediately dorsal to the DRif
between and just caudal to the oculomotor nuclei. The DRv exhibited a high density of 5HT+
neurons that had a similar neuronal morphology to the DRif but exhibited a range of dendritic
orientations. Immediately dorsal to DRv and ventral to the inferior border of the cerebral
aqueduct a cluster of 5HT+ neurons with a similar neuronal morphology to DRif and DRv,
but with a mediolateral dendritic orientation, was designated as the DRd nucleus (Fig. 2.8A).
5HT+ neurons representing the DRp, were located in the ventrolateral portion of the
periaqueductal grey matter lateral to the DRd and DRv. Some neurons were found in the
adjacent tegmentum and are the only ones found outside the periaqueductal grey matter.
There was a moderate density of these neurons within the periaqueductal grey matter and a
lower density of more scattered neurons in the tegmental region. The 5HT+ neurons of the
DRp were ovoid in shape and marginally larger than those of DRd, DRv and DRif.  They
were bipolar and showed no specific dendritic orientation. The 5HT+ neurons of the DRl
were located dorsolateral to the DRd and adjacent to the ventrolateral edges of the cerebral
aqueduct. The neurons of this nucleus were readily distinguishable from the remainder of the
dorsal raphe nuclei since they were larger and showed a mixture of bipolar and multipolar
neurons (Fig. 2.8A).  These neurons showed dendrites orientated parallel to the wall of the
aqueduct, and were found in a low to moderate density within the nucleus.  The neurons of
this serotonergic nucleus were intermingled with putative catecholaminergic neurons of the
A10dc (see above). As we followed the DRl caudally, where the cerebral aqueduct opened
into the fourth ventricle and the DRd, DRv and DRif dissappeared, the neurons of the DRl
formed an arc across the midline of the dorsal portion of the periventricular grey matter.  This
caudal arc of the DRl was classified as the DRc nucleus (Fig. 2.8C,D). The neuronal
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morphology of the 5HT+ neurons in the DRc was identical to that of the DRl, but we
classified this as an independent nucleus due to the lack of 5HT+ neurons in this region in the
brain of monotremes (Manger et al., 2002c; Maseko et al., 2007).
2.3.3.2 Caudal Cluster
2.3.3.2.1 Raphe Magnus (RMg)
This nucleus was seen to be two columns of loosely aggregated moderate to large
5HT+ neurons located either side of the midline from the level of the caudal pole of the
trigeminal motor nucleus to the anterior pole of nucleus ambiguus (Figs. 2.2Q-R, 2.3O-R).
The 5HT+ neurons within this nucleus were ovoid in shape, bipolar and exhibited a
dorsoventral dendritic orientation (Figs. 2.8D, 2.9A,C).
2.3.3.2.2 Rostral and Caudal Ventrolateral Nuclei (RVL and CVL)
Within the left and right ventrolateral medullary tegmentum a distinct anteroposterior
column of 5HT+ neurons extending from the level of the facial nucleus to the spinomedullary
junction were observed (Figs. 2.2Q-T, 2.3O-S).  These have previously been termed the
rostral and caudal ventrolateral serotonergic columns (e.g. Maseko et al., 2007; Moon et al.,
2007; Dwarika et al., 2008).  The RVL began as a lateroventral continuation of 5HT+
neurons from the lower portion of the RMg extending over the pyramidal tracts and
consolidating as a distinct column lateral to the inferior olives. This column was characterised
by moderate density of 5HT+ neurons that exhibit a cellular morphology identical to those of
the RMg except for a mediolateral dendritic orientation (Fig. 2.9A,C). The appearance of the
inferior olive distinguishes left and right RVL and at the level of nucleus ambiguus the RVL
becomes the CVL. The CVL continues in the caudal ventrolateral medullary tegmentum until
the spinomedullary junction is reached. The neuronal morphology did not change. The
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number of neurons within this column steadily decreases from rostral to caudal.  Although
the RVL and CVL are continuous in the mole-rats studied, and indeed several other eutherian
mammals previously studied (e.g. Maseko et al., 2007; Moon et al., 2007; Dwarika et al.,
2008), we make the distinction of two components of these ventrolateral columns, as the
caudal portions have not been reported in the opossum or the monotremes (Crutcher and
Humbertson, 1978; Manger et al., 2002c).
2.3.3.2.3 Raphe Pallidus (RPa)
The 5HT+ neurons forming this nucleus were found in the ventral midline of the
medulla associated with the pyramidal tracts (Figs. 2.2Q-T, 2.3P-S).  These neurons were for
the most part located between the two pyramidal tracts, but some neurons belonging to this
nucleus (based on neuronal morphology) were identified dorsal to the pyramidal tract,
between it and the inferior olive. The fusiform shaped 5HT+ neurons of the raphe pallidus
were smaller than those of RMg, RVL and CVL, bipolar and exhibited a dendritic orientation
parallel to the edges of the pyramidal tract (Figs. 2.8B, 2.9B,C).
2.3.3.2.4 Raphe Obscurus (ROb)
Two loosely arranged bilateral columns of 5HT+ neurons located either side of the
midline from the level of nucleus ambiguus to the spinomedullary junction were classified as
the raphe obscurus (Figs. 2.2S-T, 2.3R-T). These 5HT+ neurons were marginally smaller
than those within the RMg but larger than those forming the RPa.   The neurons were ovoid
in shape, a mix of bi- multipolar types and show a dorsoventral dendritic orientation
irrespective of polarity (Figs. 2.8B, 2.9D,E). Occasional 5HT+ neurons associated with this
nucleus were identified within a short distance (less than 200 µm) lateral to the central
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columns and were generally multipolar with some lateral dendritic orientation, but others
showed a dorsoventral dendritic orientation.
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Figure 2.1: Photographs of the two mole-rat species investigated.  A – highveld mole-rat
(Cryptomys hottentotus) (Mean head and body length: 133 mm for males and 129 mm for
females; Chimimba and Bennett, 2005). B – Cape dune mole-rat (Bathyergus suilius)
(Mean head and body length: 335 mm for males and 300 mm for females; Chimimba and
Bennett, 2005).  Note the unusual phenotype associated with a subterranean lifestyle and
the greatly reduced, though still present, eyes.
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Figure 2.2: Serial drawings of coronal sections A to U through the left half of the Cape
dune mole-rat brain, from the olfactory bulbs through to the medulla. The outlines of the
architectonic regions were drawn using nissl and myelin stains and immunoreactive cells
marked on the drawings. Solid black circles depict cholinergic neurons, solid triangles
depict catecholaminergic neurons (those immunoreactive for tyrosine hydroxylase) and
open squares depict serotonergic neurons.  Each circle, triangle or square represents an
individual neuron. The figures are approximately 1500 µm apart.  See list for
abbreviations.
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Figure 2.3: Serial drawings of coronal sections A to U through the right half of the
highveld mole-rat brain, from the olfactory bulbs through to the medulla. Conventions as
in Fig. 2.2. The figures are approximately 750 µm apart.  See list for abbreviations.
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Figure 2.4: Photomicrographs showing neuronal groups that are immunoreactive for
choline acetyltrasnferase in the brain of the highveld mole-rat. (A) Basal forebrain
showing the Diag.B. located below the Sep and medial to the N.Acc., LV and head of the
C. (B) The densely populated Hbm located between the 3V and the Hbl in the dorsal
diencephalon. (C) The LDT and PPT nuclei in the dorsal pontine region ventral to the
4V. (D) The merged III and IV nuclei located in the midbrain.  Scale bar in B = 500 µm.
Scale bar in D = 1 mm and applies to A, C and D.
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Figure 2.5: Photomicrographs showing neuronal groups that are immunopositive for
tyrosine hydroxylase in the diencephalon, midbrain and pons of the mole-rat brain.
Images A, C and D are from the brain of the Cape dune mole-rat, and B, E and F are from
the highveld mole-rat. (A) The A11 in the Cape dune mole-rat. (B) A11, A10dc and
A10d in the highveld mole-rat. (C) The A14 in the Cape dune mole-rat. (D) The A15v
and A12 in the Cape dune mole-rat.  Scale bar in D = 500 µm and applies to A–D. (E)
Some nuclei of the ventral tegmental area (A10, A10c, A10d) and substantia nigra (A9m,
A9pc, A9l) in the highveld mole-rat. (F) Some nuclei of the locus coeruleus complex
(A6d, A7sc, A7d) in the highveld mole-rat. Scale bar in F = 1 mm and applies to E and F.
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Figure 2.6: Photomontage of the nuclear organization of the ventral tegmental area (A10,
A10c, A10d, A10dc) and the substantia nigra (A9m, A9pc, A9l, A9v) in the Cape dune
mole-rat as revealed using tyrosine hydroxylase immunohistochemistry. Scale bar = 1
mm.
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Figure 2.7: Photomicrographs of the A10dc in the (A) Cape dune mole-rat and (B)
highveld mole-rat.  Note the significant expression of this nucleus in the Cape dune mole-
rat compared with the highveld mole-rat that has an A10dc nucleus similar to that seen in
other rodents.  Scale bar in B = 500 µm and applies to both A and B.
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Figure 2.8: Photomicrographs showing neuronal groups that are immunopositive for
serotonin in the pons and medulla of the Cape dune mole-rat (A, B, C) and highveld
mole-rat (D) brain. (A) The distinction between the morphology of the neurons
comprising the DRl and DRd nuclei of the dorsal raphe. (B) The ROb and RPa nuclei of
the Cape dune mole-rat. (C) The DRc and MnR of the Cape dune mole-rat. (D) A similar
image to C showing the DRc, MnR and RMg of the highveld mole-rat. Scale bar in A =
500 µm. Scale bar in C = 1 mm and applies to B, C and D.
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Figure 2.9: Photomicrographs showing neuronal groups that are immunopositive for
serotonin in the medulla of the Cape dune mole-rat (A,E) and highveld mole-rat (B,C,D)
brain. (A) This photomicrograph depicts the lateral continuation of RMg as it forms the most
anterior portion of the RVL in the Cape dune mole-rat. (B) The RPa nucleus of the highveld
mole-rat is intimately associated with the py. (C) The topography of the RMg, RPa and RVL
in the highveld mole-rat. (D) The pararaphe position of the ROb of the highveld mole-rat. (E)
A higher power view of the neuronal morphology of the ROb in the Cape dune mole-rat.
Scale bar in B = 500 µm and applies to B and E. Scale bar in C = 1 mm and applies to A, C
and D.
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2.4 Discussion
The central aim of the current study was to assess the nuclear organization of the
cholinergic, putative catecholaminergic and serotonergic systems of two species of
subterranean rodents that both have an extensively reduced visual system. The central finding
was that there exists no difference in the nuclear complexity of these systems in both species
of mole-rat studied compared with that of the laboratory rat.  This lack of differences is in
spite of several factors that may lead to the prediction of differences including the unusual
phenotype and life history of the mole-rats and the time since the existence of the last
common ancestor of these species and those of other rodents. All nuclei identified for the
cholinergic, putative catecholaminergic and serotonergic systems appear to be homologous to
those previously described for the laboratory rat (Dahlström and Fuxe, 1964; Fuxe et al.,
1969, 1970; Lindvall and Bjorklund, 1974; Steinbusch, 1981; Bjorklund and Lindvall, 1984;
Hökfelt et al., 1984; Meredith et al., 1989; Törk, 1990; Oh et al., 1992; Ichikawa et al., 1997)
and other species of rodent (Ruggerio et al., 1984; Daszuta and Portalier, 1985; Ishimura et
al., 1988; Mufson and Cunningham, 1988; Vincent, 1988; Léger et al., 1998; Satoh et al.,
1991; Janusonis et al., 1999, 2003; Janusonis and Fite, 2001; Fite and Janusonis, 2001;
Mulders and Robertson, 2005; Da Silva et al., 2006; D’Este et al., 2007; Mahoney et al.,
2007; Moon et al., 2007; Dwarika et al., 2008).  Moreover, there were not any nuclei that
have been reported in laboratory rat that were not present in both the highveld and Cape dune
mole-rats, or vice versa. This finding indicates the potential for the existence of a
phylogenetic constraint in the evolution of the nuclear parcellation (sensu Ebbeson, 1980) of
these systems acting at the level of the order (see tabulated data in Maseko et al., 2007).
These findings support an earlier proposal indicating this to be the case for the nuclear
organization of systems within the central nervous system (Manger, 2005).
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2.4.1 Cholinergic System
Prior descriptions of the nuclear organization of the cholinergic system in rodents are
limited to the laboratory rat (Meredith et al., 1989; Oh et al., 1992; Ichikawa et al., 1997) and
the CD-1 strain of laboratory mouse (Mufson and Cunningham, 1988).  The current study
extends the basis for comparison in providing a full mapping study of the nuclear
organization of this system in two species of mole-rat. The cholinergic nuclei of the dorsal
striatopallidal complex and the basal forebrain of the mole-rats studied are similar to that seen
in the rat (Oh et al., 1992) and mouse (Mufson and Cunningham, 1988). This result is perhaps
not surprising, as all other mammals previously studied appear to demonstrate the same
nuclear organization within these regions of the cholinergic system (Woolf, 1991; Manger et
al., 2002a; Maseko and Manger, 2007; Maseko et al., 2007). Within the diencephalon of the
mole-rats studied, four cholinergic nuclei were found, the lateral, ventral and dorsal
hypothalamic cholinergic nuclei, as well as the medial habenular nucleus of the epithalamus.
These three hypothalamic groups have been reported for rats, laboratory shrews, cats,
primates, microbat and the megabat (Satoh et al., 1983; Tago et al., 1989; Vincent and
Reiner, 1987; Tinner et al., 1989; Karasawa et al., 2003; Maseko and Manger, 2007; Maseko
et al., 2007); however no hypothalamic cholinergic neuronal groups have been reported for
the monotremes (Manger et al., 2002a). Within the pontine region of the mole-rats, the
laterodorsal tegmental (LDT), pedunculopontine (PPT) and parabigeminal (Pbg) cholinergic
nuclei were observed. The LDT and PPT have been identified in all mammals studied to date
(Woolf, 1991; Maseko et al., 2007); however the PBg has only been reported in rats, CD-1
mouse, highveld mole-rat, cat, ferret, tree shrew, megabat and primates (Kimura et al., 1981;
Mufson and Cunningham, 1988; Murray et al., 1982; Vincent and Reiner, 1987; Henderson,
1987; Mesulam et al., 1989; Da Silva et al., 2006; Maseko et al., 2007). The parabigeminal
nucleus in the mole-rats was weakly represented, in terms of number of neurons as observed
59
previously in the mole-rat (Da Silva et al., 2006), and in terms of the strength of the
immunoreactivity of the neurons, as described previously for the rat and mouse (Mufson and
Cunningham, 1988; Woolf, 1991; Oh et al., 1992).  This low neuronal number within the
parabigeminal nucleus of the mole-rats appears to be consistent with the reduced visual
system of these rodents as previously suggested (Da Silva, 2006), despite the visually
observed difference in the number of neurons between the two species of mole rat studied
herein. The parabigeminal nucleus has not been observed in the monotremes (Manger et al.,
2002a), laboratory shrew (Karasawa et al., 2003) or the microbat (Maseko and Manger,
2007). A basic similarity in location and identity of the cranial nerve nuclei were found in
both species of mole-rat as with all other mammals studied to date (Woolf, 1991; Maseko et
al., 2007). Both species of mole rat showed a small number of ChAT immunoreactive
neurons in the Edinger-Westphal nucleus; however, this nucleus appeared to have fewer
neurons than that seen in rat, cat, ferret, megabat and primates (Kimura et al., 1981;
Armstrong et al., 1983; Satoh et al., 1983; Mizukawa et al., 1986; Henderson, 1987; Vincent
and Reiner, 1987; Mesulam et al., 1989; Lavoie and Parent, 1994; Maseko et al., 2007). We
also found ChAT immunoreactive neurons that represent the preganglionic motor neurons of
the superior and inferior salivatory nuclei in both species of mole-rat, as reported for the rat,
cat, ferret, megabat, and primates (Armstrong et al., 1983; Mesulam et al., 1989; Satoh and
Fibiger, 1985; Mizukawa et al., 1986; Henderson, 1987; Shiromani et al., 1988; Maseko et
al., 2007).
2.4.2 Putative catecholaminergic system
Putative catecholaminergic nuclei were found throughout the brain of both species of
mole-rats, extending from the olfactory bulbs to the spinomedullary junction. Within the
stratum granulosum of the olfactory bulbs, periglomerular TH+ neurons appear to be
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homologous to the dopaminergic neurons previously reported in other rodent and other
mammalian species (Lichtensteiger, 1966; Lidbrink et al., 1974; Lindvall and Bjorklund,
1974; Hökfelt et al., 1976; Bjorklund and Lindvall, 1984; Smeets and Gonzalez, 2000;
Maseko et al., 2007, Moon et al., 2007; Dwarika et al., 2008). All nuclei previously reported
for the putative catecholaminergic system within the diencephalon, midbrain, pons and
medulla in the laboratory rat (Dahlström and Fuxe, 1964; Fuxe et al., 1969; Lindvall and
Bjorklund, 1974; Bjorklund and Lindvall, 1984; Hökfelt et al., 1976, 1984), hamster
(Vincent, 1988), grass rat (Mahoney et al., 2007), guinea pig (Mulders and Roberston, 2005),
laboratory mouse (Ruggerio et al., 1984, Satoh et al., 1991; D’Este et al., 2007), highveld
mole-rat (De Silva et al., 2006), highveld gerbil (Moon et al, 2007) and greater canerat
(Dwarika et al., 2008) were found in both species of mole-rat examined in this study.
Despite the lack of difference in nuclear organization there were two differences of
note. The first difference is that the number and density of tyrosine hydroxylase
immunoreactive neurons in the dorsal caudal nucleus of the ventral tegmental complex
(A10dc) of the cape dune mole-rat appeared to be far greater than that seen in the highveld
mole-rat, or indeed any other rodent species previously examined (see references given above
and Fig. 2.7).  It is difficult to interpret what this difference might actually mean in terms of
function, as even in the laboratory rat the connections and detailed neurochemistry of these
neurons are unknown.
The second difference centres on the location and packing density of the diffuse
nucleus of the locus coeruleus (A6d).  In the laboratory rat the A6d nucleus, sometimes
referred to just as the locus coeruleus, is found within the pontine periventricular grey matter
but in a medial location adjacent to the ventricular wall. The catecholaminergic neurons
within this region are densely packed and appear to be continuous dorso-caudally with the A4
nucleus (Dahlström and Fuxe, 1964; Fuxe et al., 1969; Lindvall and Bjorklund, 1974;
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Bjorklund and Lindvall, 1984; Hökfelt et al., 1976, 1984).  This location, packing density and
continuity with the A4 nucleus is different to that reported here for both species of mole-rat,
and in comparison to that reported for other rodent species such as the laboratory mouse
(Ginovart et al., 1996; Von Coelln et al., 2004), hamster (Vincent, 1988), guinea pig
(Mulders and Robertson, 2005), highveld gerbil (Moon et al., 2007) and greater canerat
(Dwarika et al., 2008). In these other rodents species studied, the locus coeruleus nucleus is
located in the ventrolateral corner of the pontine periventricular grey matter and no neurons
are found near the ventricular wall. In these other rodent species, only the neurons of the A4
nucleus are found adjacent to the ventricular wall and the packing density of the A6d neurons
are much lower than that of the laboratory rat.  It is unclear what the factors underlying the
rat vs other rodents difference may be; however, it is possible that this is a feature of the
genus Rattus, or it may be the result of selected inbreeding of laboratory strains. Further
studies of wild caught Rattus species may confirm or eliminate at least one of these
possibilities (as previously demonstrated for the cortical cholinergic system, Bhagwandin et
al., 2006).
2.4.3 Serotonergic system
The nuclei observed with immunohistochemistry for serotonin in the present study are
identical in both species of mole-rat examined and to those previously described for the
laboratory rat (Dahlström and Fuxe, 1964; Fuxe et al., 1969; Steinbusch, 1981; Lidov and
Molliver, 1982; Waterhouse et al., 1993), mouse (Daszuta and Portalier, 1985), the
Mongolian gerbil (Janusonis et al., 1999, 2003; Janusonis and Fite, 2001) greater canerat
(Dwarika et al., 2007), highveld gerbil (Moon et al., 2007), and the portion of the brain
studied in the Chilean degus (Fite and Janusonis, 2001). The nuclear organization of the
serotonergic system across all eutherian mammals studied to date is identical (Bjarkam et al.,
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1997; Maseko et al., 2007); in nonplacental mammals, however, other patterns are seen.
There are serotonergic neurons in the hypothalamus of monotremes (Manger et al., 2002c),
there is a lack of serotonergic neurons in the region of the CVL column in the monotremes
and the opossum (Manger et al., 2002; Crutcher and Humbertson, 1978), and there is a lack
of a caudal division of the dorsal raphe in the monotremes (Manger et al., 2002c).
2.4.4 Evolutionary considerations
The current investigation of three immunohistochemically identifiable neuronal
systems in the brain of two species of wild caught mole-rat, demonstrates that despite major
differences in phenotype (regressed visual system; Oelschlager et al., 2000; Cernuda-Cernuda
et al., 2003; Nemec et al., 2004), life-history (unusual circadian rhythms, subterranean
lifestyle, range of social systems; Lovegrove and Papenfus, 1995; Lovegrove and Muir, 1996;
Negroni et al., 2003; Oosthuizen et al., 2003; Gutjahr et al., 2004) and time since
evolutionary divergence (Adkins et al., 2003; Faulkes et al., 2004), no change in the
complexity of the nuclear organization of the neural systems has occurred. It appears likely
that a constraint, acting at the phylogenetic level of the order is limiting parcellation (sensu
Ebbesson, 1980) of these systems, such that all species belonging to the same mammalian
order demonstrate the same complement of homologous nuclei of these systems (Manger,
2005; Maseko et al., 2007). The complexity of nuclear organization, in terms of the number
of nuclei, appears to be able to change between, but not within, orders (see tables provided in
Maseko et al., 2007).  The current study is aligned with previous studies in rodents that have
shown that neither the time since evolutionary divergence (Da Silva et al., 2006; Dwarika et
al., 2008), changes in phenotype (Moon et al., 2007), nor an increase in brain size (Dwarika
et al., 2008) initiate any major differences in the nuclear complexity of the systems under
study within the same mammalian order. Thus, it is possible to reasonably conclude at the
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moment that for the order Rodentia, varying phenotype, varying life history, evolutionary
divergence and brain size do not lead to changes in nuclear complexity of the cholinergic,
putative catecholaminergic and serotonergic systems.  Further studies examining species that
show greater changes in brain size, both large and small, and changes in relative brain size
are required to fully test the proposed phylogenetic constraint that appears to be emerging as
an explanation surrounding the observations made to date on various rodent, and other,
species.
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Chapter 3 - Distribution of orexinergic neurons and terminal networks in
the brains of two African mole rats
3.1 Introduction
Orexin (also known as hypocretin) is a neuropeptide that has been reported to play a
role in the regulation of feeding, drinking, body temperature, general activity (Lubkin and
Stricker-Krongrad, 1998; Edwards et al., 1999; Hagan et al., 1999; Kunii et al., 1999; Mondal
et al., 1999; Piper et al., 2000; Estabrooke et al., 2001; Hungs et al., 2001; Yoshimichi et al.,
2001; Kotz et al., 2002; Berthoud et al., 2005), energy homeostasis (Mintz et al., 2001),
stimulation of gastric secretion in rats (Takahashi et al., 1999), increasing metabolic rate in
rats (Lubkin and Stricker-Krongard, 1998), altering luteinising hormone release in rats (Pu et
al., 1998) and in the regulation of the sleep-wake cycle specifically associated with increased
wakefulness and inhibition of REM sleep (Sakurai et al., 1998; Chemelli et al., 1999; Siegel,
1999; Bourgin et al., 2000; Kilduff and Peyron, 2000; Thannickal et al., 2000; van den Pol,
2000).
The distribution of orexin-immunopositive (Orx +) cell bodies and terminal networks
within the brain has been reported in a range of mammals including: humans (Homo sapiens,
Moore et al., 2001); domestic cat (Felis catus, Zhang et al., 2001, 2002); domestic sheep
(Ovis aries, Iqbal et al., 2001); six species of rodent (laboratory rat, Rattus norvegicus –
Broberger et al., 1998; Peyron et al., 1998; Chen et al., 1999; Cutler et al., 1999; Date et al.,
1999; Hagan et al., 1999; Nambu et al., 1999, Risold et al., 1999; Baldo et al., 2003; Chou et
al., 2004; Espana et al., 2005; Kirouac et al., 2005; Nixon and Smale, 2007; Nile grass rat,
Arvicanthus niloticus – Novak and Albers, 2002; Nixon and Smale, 2007; golden or Syrian
hamster, Mesocricetus auratus – McGranaghan and Piggens, 2001; Mintz et al., 2001; Vidal
et al., 2005; Nixon and Smale, 2007; laboratory mouse, Mus musculus, C57B1 strain,
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Broberger et al., 1998; Siberian or Djungarian hamster, Phodopus sungorus – McGranaghan
and Piggins, 2001; Khorooshi and Klingenspor, 2005; degu, Octodon degus – Nixon and
Smale, 2007); five microchiropteran species (Kruger et al., 2010); and the Eastern grey
kangaroo (Macropus giganteus, Yamamoto et al., 2006).  The Orx + neuronal cell bodies
were invariably localized within the hypothalamus and while for most mammals they were
represented as a rather homogenous loosely packed large cluster of neurons located in the
perifornical and lateral hypothalamus (see above references), in certain rodents there may be
up to four clusters, or nuclei, of orexinergic neurons – the two described above, plus one
cluster located in the anterior hypothalamic paraventricular subnucleus and one in the lateral
ventral hypothalamic supraoptic area (LVHA) (Nixon and Smale, 2007).
Orexin immunoreactive terminal networks have been found in differential relative
densities throughout the varying brain regions previously examined (see references cited
above). A high relative density of Orx+ terminals have been consistently observed within the
paraventricular nucleus of the epithalamus, the noradrenergic locus coeruleus complex and
the serotonergic dorsal raphe nuclear complex. The majority of the nuclei of the
hypothalamus as well as the septal region, cholinergic nuclei of the pons, the ventral
tegmental area, the nuclei of the solitary tract, the remaining serotonergic nuclei and both
limbs of the diagonal band of Broca were consistently described as having a medium relative
density of Orx+ terminals. A low to absent density of Orx+ terminals have been recorded in
regions such as the cerebral cortex, major nuclei of the dorsal thalamus and other regions of
the central nervous system (see references above).
Recent studies have demonstrated that in rodents and other species, the complexity of
the nuclear organization of the diffusely projecting cholinergic, catecholaminergic and
serotonergic systems remains consistent within an order despite differences in brain size,
phenotype, lifestyle or evolutionary distance (e.g. Manger, 2005; Maseko et al., 2007;
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Bhagwandin et al., 2008; Dwarika et al., 2008; Limacher et al., 2008, Gravett et al., 2009,
Pieters et al., 2010; Bux et al., 2010). In terms of the orexinergic system this appears to hold
true for most mammals; however, the observations of variance in the number of potential
orexinergic nuclei in rodents (Nixon and Smale, 2007) may indicate greater organizational
variance within an order for this diffusely projecting system than other systems previously
studied.
In contrast to this order level consistency in nuclear organization, the pattern of
terminal networks of these diffusely projecting neurotransmitter systems appears to be more
variable within the order.  For example, when the innervation patterns of the serotonergic
(Raghanti et al., 2008a) and cholinergic (Raghanti et al., 2008b) terminal networks within the
cerebral cortex of humans, chimpanzees and macaque monkeys were compared, there were
no species differences in the primary motor cortex (Brodmann’s area 4), but significant
quantitative and qualitative differences were observed between macaques on the one hand
and chimpanzees and humans on the other (which were similar) in two pre-motor cortical
areas (Brodmann’s areas 9 and 32).  These studies are suggestive of family level
consistencies and inter-family differences in the terminal networks of the diffusely projecting
neural systems.  Comparative studies of the orexinergic projections in rodents are also
suggestive of certain qualitative differences in terminal network densities within and between
families despite many overall similarities (McGranaghan and Piggins, 2001; Nixon and
Smale, 2007).
In the current study, whole brains of two species of African mole rat, the highveld
mole rat (Cryptomys hottentotus) and the Cape dune mole rat (Bathyergus suillus) were
examined immunohistochemically for orexin-A. Both species studied have a greatly reduced
visual system (Oelschlager et al., 2000; Cernuda-Cernuda et al., 2003; Nemec et al., 2004),
are subterranean, and appear to have a free-running circadian activity oscillator (Lovegrove
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and Papenfus, 1995; Lovegrove and Muir, 1996; Negroni et al., 2003; Oosthuizen et al.,
2003; Gutjahr et al., 2004). These atypical rodent features combined with the distant (but
familial) relation to each other and to the non-familial laboratory rat (Adkins et al., 2003),
provide an interesting model to examine changes in nuclear organization and terminal
network patterns that may be related to phenotype, life history and behaviour.
3.2 Materials and Methods
The brains of three adult highveld mole rats (Cryptomys hottentotus) (average body
weight: 86.5 g; average brain weight: 1.5 g) and three adult Cape dune mole rats (Bathyergus
suillus) (average body weight: 965 g; average brain weight: 3.4 g) were used in the current
study. All animals were treated and used according to the guidelines of the University of the
Witwatersrand Animal Ethics Committee, which parallel those of the NIH for the care and
use of animals in scientific experimentation. Both species of mole rat display a seasonal
breeding pattern. The mole rats were placed under deep barbiturate anaesthesia (Euthanaze,
200mg sodium pentobarbital/ kg, i.p.), and then perfused intracardially upon cessation of
respiration. The perfusion was initially done with a rinse of 0.9% saline solution at 4°C,
followed by a solution of 4% paraformaldehyde in 0.1M phosphate buffer (PB, pH: 7.4)
(approximately 1l/kg of each solution). Brains were then removed from the skull and post-
fixed overnight (24 h) in 4% paraformaldehyde in 0.1M PB, and then allowed to equilibrate
in 30% sucrose in PB. The brains were then frozen and sectioned into serial coronal and
sagittal sections of 50 µm thickness. A one in three series of stains was made for Nissl,
myelin and orexin A. Sections kept for the Nissl series were mounted on 0.5% gelatine
coated glass slides, cleared in a solution of 1:1 chloroform and absolute alcohol, then stained
with 1% cresyl violet. Myelin sections were stored in 5% formalin at 4°C for a period of two
weeks and were then mounted on 1% gelatine coated glass slides and subsequently stained
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with a modified silver stain (Gallyas, 1979).
For immunohistochemical staining the sections were first treated for 30 min with an
endogenous peroxidase inhibitor (49.2% methanol: 49.2% of 0.1PB: 1.6% of 30% H2O2)
followed by three 10 min rinses in 0.1M PB. This was followed by a 2 hour pre-incubation, at
room temperature, in a solution (blocking buffer) containing 3% normal goat serum (NGS,
Chemicon), 2% bovine serum albumin (BSA, Sigma), and 0.25% Triton X-100 (Merck) in
0.1M PB. The sections were then placed in a primary antibody solution containing the
appropriately diluted antibody in blocking buffer, for 48 hours at 4°C. To reveal orexinergic
neurons we used the anti-orexin A antibody (AB 3704, Millipore, raised in rabbit) at a
dilution of 1:1500. This step was followed by three 10 min rinses in 0.1M PB, after which the
sections were incubated in a secondary antibody for two hours (room temperature, 22-24°C).
The secondary antibody solution contained a 1:1000 dilution of biotinylated anti-rabbit IgG
(BA-1000, Vector Labs) in 3% NGS, and 2% BSA in 0.1M PB. After three 10 min rinses in
0.1M PB, the sections were incubated for 1 hour in AB solution (Vector Labs), and again
rinsed. The sections were then treated in a solution of 0.05% diaminobenzidine in 0.1M PB
for 5 minutes, following which 3µl of 30% H2O2 was added to the 1ml of solution in which
each section was immersed. Staining development was monitored visually and checked under
a low power stereomicroscope until the background staining was at a level at which it could
assist reconstruction without obscuring the immunopositive neuronal structures.
Development was arrested by placing the sections in 0.1M PB, and then rinsed twice more in
the same solution. Sections were mounted on glass slides coated with 0.5% gelatine and left
to dry overnight. They were then dehydrated in a graded series of alcohols, cleared in xylene,
and coverslipped with Depex. Two controls were employed in the immunohistochemistry,
including the omission of the primary antibody and the omission of the secondary antibody in
selected sections. The sections were observed with a low power stereomicroscope, and the
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architectonic borders of the sections traced according to the Nissl stained sections using a
camera lucida. The immunostained sections were then matched to the drawings and the
immunopositive neurons marked, in addition the density of axon terminal staining was
graded from low to high for each immunostained section and medium and high marked on
the drawings. The drawings were then scanned and redrawn using the Canvas 8 drawing
program. The location of Orx+ neuronal structures and the corresponding orexinergic
terminal network distribution were described in relation to the general neuroanatomy of the
brain and the cholinergic, catecholaminergic and serotonergic systems described previously
for these two speceis of mole rat (Bhagwandin et al., 2008).
3.3 Results
In both species of mole rat examined, immunohistochemically identifiable,
morphologically homogenous, orexinergic (Orx+) cell bodies were limited to the
hypothalamus, as previously reported in all other mammals studied to date. The terminal
networks, while remaining similar in distribution between both species, are more strongly
expressed in the Cape dune mole rat than in the highveld mole rat. The following descriptions
of the Orx+ cell bodies and terminal networks, for both species of mole rat (unless otherwise
specified), are provided in relation to the general anatomy of the brain, or to the neuronal
groups of the cholinergic, catecholaminergic and serotonergic systems (as described for these
particular species in Bhagwandin et al., 2008) where overlap occurs.
3.3.1 Orexinergic Cell Body Distribution
Both species of mole rat expressed Orx+ neurons only within the hypothalamus and
were observed as sharing a common neuronal locality within the lateral hypothalamic area
(LHA), perifornical region (PFR) and the lateral ventral hypothalamic supraoptic area
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(LVHA) (Figs. 3.1G-I, 3.2I-J).  Within the LHA of both species a moderate density of Orx+
cells bodies were found to intermingle with the lateral hypothalamic cholinergic nucleus and
the dopaminergic neurons of the A13 (zona incerta) nucleus.  The Orx+ neurons of the PFR
were observed to show a moderate density and did not overlap with any previously described
cholinergic or dopaminergic neurons.  In both species, the LVHA Orx+ neurons were found
in the same region as the dopaminergic A15v (ventral division of the anterior hypothalamic
group) nucleus, in the lateral and ventral portions of the hypothalamus, immediately dorsal to
the greatly reduced optic tract (Fig. 3.3). No Orx+ neurons could be identified in the anterior
hypothalamic paraventricular subnucleus in either mole rat species.  Thus, there appears to be
three distinct clusters of Orx+ neurons in the hypothalamus of the mole rats studied, a large
homogeneous cluster spanning the lateral and perifornical regions, a distinct cluster extending
into the region of the zona incerta, and a final cluster in the ventral lateral hypothalamus
adjacent to the optic tracts. Both mole rats exhibited neuronal cell bodies that were
morphologically homogenous in all three clusters, and that were ovoid in shape, and a
varying mixture of bi- and multi- polar types that showed no specific dendritic orientation
(Fig. 3.3).
3.3.2. Orexinergic Terminal Networks
3.3.2.1 Telencephalon
Throughout the telencephalon of both species there was only one region of high-
density Orx+ terminal networks, this being within the very anterior portion of the septal
nuclear complex of the highveld mole rat (Fig. 3.2D). In both species a medium relative
density of Orx + terminals were observed within the shell of the nucleus accumbens, the
entire septal nuclear complex (overlapping with the cholinergic medial septal nucleus), the
cholinergic diagonal band of Broca, and in small portions of the nucleus basalis and the
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olfactory tubercule (Figs. 3.1C-F, 3.2C-F). All remaining regions of the telencephalon
(cerebral cortex, the dorsal striatopallidal complex, hippocampal complex, amygdalar
complex) were observed to have a low-density terminal network in both species of mole rat.
3.3.2.2 Diencephalon
A medium density Orx+ terminal network characterized the entire hypothalamus in
both species examined; however, high terminal network densities were noted in a region
adjacent to the dorsal aspect of the third ventricle within the hypothalamus of both species of
mole rat in the region where the dopaminergic neurons of the A15d (dorsal division of the
anterior hypothalamic group) nucleus were located (Figs. 3.1H-J, 3.2H-I).  A second region
of high-density Orx+ terminals was found in the premammillary nuclei of both species;
however, the mammillary nuclei themselves only exhibited a low density of Orx+ terminals.
A low-density terminal network was observed through both the dorsal and ventral thalamus,
except for the intralaminar central median nucleus of the dorsal thalamus where a medium-
density network of Orx+ terminals was observed.  In contrast to this, the epithalamus evinced
a high-density terminal network in the dorsal aspects of the paraventricular nuclei and a
medium density terminal network in the the ventral midline part of the paraventricular
thalamic nuclei and in the regions surrounding the habenular nuclei, especially the lateral
habenular nucleus and dorsal most portions of the fasciculus retroflexus (Figs. 3.1H-I, 3.2H-I,
3.5).
3.3.2.3 Midbrain (Mesencephalon)
 Within the midbrain of both species a high-density Orx+ terminal network was
observed throughout the serotonergic dorsal raphe nuclear complex and the serotonergic
median raphe nucleus (Figs. 3.1M-N, 3.2M-O, 3.6A).  A second region of high-density Orx+
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terminals was observed in the dorsomedial periaqueductal gray matter (DMPAG) in both
species.  The remainder of the periaqueductal gray matter was observed to contain a medium
density Orx+ terminal network, which was also observed within the superior colliculus, parts
of the ventral tegmental nuclear complex, specifically the A10dc, A10c and A10d nuclei, and
in the serotonergic caudal linear nucleus (CLi) and supralemniscal serotonergic group (B9).
The medium-density Orx+ terminal network within the midbrain of the highveld mole rat was
more extensive than that seen in the cape dune mole rat and was observed in the A10 nucleus,
the inferior colliculus, upper midbrain tegmentum and interpeduncular nucleus, whereas in
the cape dune mole rat these regions only contained a low-density Orx+ terminal network, or
in the case of the superior colliculus and interpeduncular nucleus appeared to be limited to a
specific portion of these nuclei (Figs. 3.1J-N, 3.2K-N). All other regions of the midbrain
evinced a low-density Orx+ terminal network in both species of mole rat.
3.3.2.4 Pontine region (Metencephalon)
Within the pons of both species, high-density Orx+ terminal networks were observed in the
cholinergic laterodorsal tegmental nucleus (LDT), the noradrenergic diffuse nucleus of the
locus coeruleus (A6d) and compact nucleus of the subcoeruleus (A7sc), and the serotonergic
caudal nucleus of the dorsal raphe complex (DRc) (Figs. 3.1N-P, 3.2N-O, 3.4A, 3.6A).  In the
dorsal pontine tegmentum of both species, a medium-density Orx+ terminal network was
seen to overlap with the regions where the neurons of the cholinergic pedunculopontine
tegmental nucleus (PPT) and noradrenergic diffuse nucleus of the subcoeruleus (A7d) were
found.  Other medium density Orx+ terminal networks were observed to overlap with the
distribution of the noradrenergic neurons of the fifth arcuate nucleus (A5) and the pontine
portion of the serotonergic median raphe nucleus (MnR) (Fig. 3.6B). All other portions of the
pontine region were observed to contain a relatively low-density Orx+ terminal network.
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3.3.2.5 Medulla oblongata (Myelencephalon) and Cerebellum
Within the medulla there was only one region that contained a high-density Orx+
terminal network and this was the area postrema (AP) of the Cape dune mole rat (Fig. 3.1T).
Interestingly, in the highveld mole rat there was only a low-density Orx+ terminal network in
this structure. Medium-density Orx+ terminal networks were observed in all the regions
where serotonergic neurons were located, which include the raphe magnus nucleus (RMg)
and its continuation in the rostral and caudal ventrolateral serotonergic columns (RVL and
CVL), the raphe pallidus nucleus (RPa) and the raphe obscurus nucleus (ROb) (Fig. 3.6C).
The remaining regions of the medulla that showed medium-density Orx+ terminal networks
were coincident with the catecholaminergic nuclei previously reported, including the rostral
ventrolateral medullary tegmental group (C1) (Fig. 3.4C), rostral dorsomedial medullary
nucleus (C2), caudal ventrolateral medullary tegmental group (A1) and the caudal
dorsomedial medullary nucleus (A2).  The extent of this medium-density network around the
C2 and A2 nuclei was quite expansive and appeared to include the majority of the nuclei of
the solitary tract. A global low-density Orx+ terminal network was observed throughout the
remaining regions of the medulla oblongata. No specific species differences were observed in
the medulla. A low-density Orx+ terminal network was observed throughout all regions of
the cerebellum, both cortical and nuclear, for both species.
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Figure 3.1: Drawings of  coronal sections A to V through the left half of the brain of the
Cape-dune mole rat (Bathyergus suillus) depicting the distribution of orexinergic terminal
network densities (an absence of shading represents low density, grey shaded areas
represents medium density and black shaded areas represents high density) and Orx
immunoreactive neurons (each black dot represents a single neuron) relative to the
nuclear organization of the cholinergic system, catecholiminergic system and
serotonergic system [previously described in Bhagwandin et al. (2008) for this species].
Absence of shading indicates either a minor terminal network or no terminal network (see
text for details). See list for abbreviations.


77
Figure 3.2: Drawings of coronal sections A to U through the right half of the brain of the
Highveld mole rat (Cryptomys hottentotus) depicting the distribution of orexinergic
terminal network densities (an absence of shading represents low density, grey shaded
areas represents medium density and black shaded areas represents high density) and Orx
immunoreactive neurons (each black dot represents a single neuron) relative to the
nuclear organization of the cholinergic system, catecholaminergic system and
serotonergic system [previously described in Bhagwandin et al. (2008) for this species].
Absence of shading indicates either a minor terminal network or no terminal network (see
text for details).See list for abbreviations.
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Figure 3.3: A. Photomicrographic montage showing the Orx immunoreactive neurons
within the hypothalamus of Bathyergus suillus. Scale = 500um. B. and C. High power
photomicrographs showing the morphology of Orx immunoreactive neurons within the
hypothalamus of Bathyergus suillus. Scale = 50um.
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Figure 3.4:  High power photomicrographs showing varying orexinergic terminal
network densities in the brains of Cryptomys hottentotus (A-D) and Bathyergus suillus
(E). A. High density terminal network within the A6d neuronal group. B. Low density
terminal network within the cingulate cortex. C. Medium density terminal network in the
region of the C1 nucleus. D. Medium density terminal network within the cholinergic
medial septal nucleus. E. Medium density terminal networks surrounding the central
canal. Scale = 100 µm and applies to all. See list for abbreviations.
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Figure 3.5:  Photomicrographs illustrating the difference in expression of high density
orexinergic terminal networks within the paraventricular nucleus of: A. Bathyergus
suillus, B. Cryptomys hottentotus. Scale = 500um and applies to both. See list for
abbreviations.
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Figure 3.6: High power photomicrograph showing varying terminal network densities within
the brain of Cryptomys hottentotus. A. high density orexinergic terminal networks within the
serotonergic DR nuclear complex. B. high density orexinergic terminal networks in the
region of the serotonergic MnR. C. medium density oerxinergic terminal networks within the
serotonergic ROb nucleus, Scale = 50um and appiles to all. See list for abbreviations.
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3.4 Discussion
In the current study, it was observed that both species of mole rat displayed three
clusters of orexinergic immunoreactive neurons within the hypothalamus, thereby
maintaining significant congruency with previous studies in other mammals (see references
listed in Introduction). In addition, it was noted that no immunoreactive orexinergic (Orx+)
cell bodies, in either species of mole rat, could be identified within the anterior hypothalamic
paraventricular organ as was previously reported in some Murid rodents (Nixon and Smale,
2007). In both species of mole rat the orexinergic terminal network distribution, for the most
part, maintained similarity to that observed in other mammals; however, a few differences
were identified between both species of mole rat and collectively in all other mammals
studied to date.
3.4.1 Comparison to other rodents and other mammals
3.4.1.1 Distribution of orexinergic cell bodies
The distribution of Orx+ cell bodies, in both species of mole rat, was both similar and
different to those previously reported in other rodents. Both species of mole rat expressed
Orx+ neurons within the perifornical region (PFR) and the lateral hypothalamic area (LHA),
comprising the main cluster of orexinergic neurons, which is a common feature of the
orexinergic system shared by all rodents studied to date; however, neither species of mole rat,
as with the Syrian hamster and degu, displayed Orx+ neurons within the anterior
hypothalamic paraventricular subnucleus as seen in the Long-Evans rat and grass rat (Nixon
and Smale, 2007; but see Novak and Albers, 2002 who do not report these neurons in the
Nile grass rat but they used an Orexin B antibody).  In this case we appear to have a
difference in the nuclear organization of the orexinergic system within the rodents, with the
two Murid rodents studied (Long-Evans rat and Nile grass rat, both closely related) showing
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a difference to the closely related Syrian hamster (a member of the Cricetidae) and the more
distantly related Ctenohystrica (Octodon and the bathyergid mole rats) (Nixon and Smale,
2007; Blanga-Kanfi et al., 2009). This is not the first time such Murid vs non-Murid
differences have been observed for such systems in the rodents (Bhagwandin et al., 2006). In
the mole rats, as with all other rodents, two additional, but smaller, clusters of orexinergic
neurons were located, one in the dorsolateral region of the hypothalamus intermingling with
the region of the zona incerta, and a second cluster in the ventrolateral region of the
hypothalamus near the optic tract (that is immunoreactive for both orexin-A and orexin-B,
Nixon and Smale, 2007), although the optic tract is greatly reduced in the mole rats. Thus,
within the rodents, while many similarities in neural systems occur across all species, there
are at least two differences reported to date (orexinergic anterior hypothalamic
paraventricular neurons, Nixon and Smale, 2007; and cortical cholinergic neurons,
Bhagwandin et al., 2006). These differences would be of interest to study further and
delineate potential phylogenetic boundaries for these features and the possible behavioural
correlates of these differences.
An important aspect of the parcellation of the orexinergic system needs to be
highlighted at this point.  In the current study we have lumped the orexinergic neurons of the
PFR and LHA into a single cluster that we have termed the main cluster (in this study and in
a previous study on microchiropterans, Kruger et al., 2010).  This was done as there appears
to be no anatomical distinction in the aggregation of the orexinergic neurons across this large
cluster, being organized in what can be loosely termed a diffuse nucleus; however, a previous
study of the connectivity of these regions of the main cluster (PFR and LHA) would suggest
that these two regions likely represent distinct nuclei (Yoshida et al., 2006).  Yoshida et al.
(2006) showed that, while the PFR and LHA orexinergic neurons project to many of the same
regions, the intensity of the projection differs substantially between several of these terminal
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territories.  In addition, they showed that the medial, or PFR, portion of what we term the
main orexinergic cluster innervates the anterior and ventromedial hypothalamus plus the
suprachiasmatic nucleus, whereas the LHA orexinergic neurons do not.  They also showed
that the LHA orexinergic neurons innervate the dorsal raphe, whereas the PFR orexinergic
neurons do not (Yoshida et al., 2006).  These differences in projection fields appear to
warrant a distinction of what we term the main orexinergic cluster into medial or PFR and
LHA orexinergic nuclei. It would be of importance to study such differences across species to
determine whether such differential projection territories exist in other mammals and warrant
cross species parcellation of the orexinergic system in a similar manner.
In the mole rats and other rodents the location of the main cluster of orexinergic
(Orx+) cell bodies (PFR and LHA), is similar to that seen in all other mammals studied to
date (Iqbal et al., 2001; Moore et al., 2001; Zhang et al., 2001, 2002; Yamamoto et al., 2006;
Kruger et al., 2010).  Interestingly, all mammalian species appear to have orexinergic neurons
overlapping with the medial most portion of the zona incerta.  Of less similarity is the
appearance of orexinergic neurons in the ventrolateral hypothalamus, near the optic tract,
which while present in most mammals (and appears greatly expanded in the kangaroo,
Yamamoto et al., 2006), are lacking in the microchiropterans (Kruger et al., 2010) and the
two species of hamster studied to date (McGranaghan and Piggens, 2001; Mintz et al., 2001;
Khorooshi and Klingenspor, 2005; Vidal et al., 2005; Nixon and Smale, 2007).  Further
contrasts in the location of orexinergic neurons amongst mammals include: (1) the presence
of Orx+ neurons in the dorsomedial hypothalamic region in the sheep, minipig and kangaroo
(Iqbal et al., 2001; Yamamoto et al., 2006; Ettrup et al., 2010); and (2) Orx+ neurons in the
supraoptic and paraventricular magnocellular nucleus of the minipig (Ettrup et al., 2010).
Thus, while for the most part the nuclear organization of the orexinergic system appears to
quite conserved across mammalian species, there are definitely some points of departure that
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may be interesting in both a functional and phylogenetic aspect, and warrants the
investigation of orexinergic cellular location in a broader range of mammalian species.
3.4.1.2 Distribution of orexinergic terminal networks
Previous studies of the terminal networks of the orexinergic neurons have
demonstrated that in mammals the majority of the brain is either in receipt of very minor, or
no, orexinergic innervation.  In this sense the mole rats studied herein are no exception.
These regions of minor to no orexinergic innervation include the cerebral neocortex, the
dorsal striatopallidal complex, the dorsal thalamus, cerebellum and most of the brainstem.
Despite this, there are areas of the brain that consistently show medium to dense
orexinergic innervation across many of the mammalian species studied to date.  Within the
telencephalon of the mole rats studied, medium to high-density orexinergic terminal networks
were observed in the septal nuclei, the shell of the nucleus accumbens and the cholinergic
basal forebrain.  This telencephalic distribution is similar across all rodents and all mammals
for which these projections have been described to date.  Similarly, in the mole rats and all
mammals studied, the paraventricular nuclei of the epithalamus exhibited a high-density
orexinergic terminal network in the dorsal division. This specific network extended around
the habenular nuclear complex in the mole rats, again being similar to that seen in other
mammals.  A medium density network was observed throughout the mole rat hypothalamus
as seen in all other mammals.  Interestingly, in several mammals studied, a clear medium-
density orexinergic terminal network is observed in the intergeniculate leaflet, but this was
not observed in the mole rats.  This is likely due to the major reduction in size of the visual
system in these species (Nemec et al., 2004).  Previously, Vidal et al. (2005) demonstrated
that the orexinergic projection to the intergeniculate leaflet arises from the orexinergic
neurons located near the zona incerta.  The mole rats possess these zona incerta orexinergic
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neurons, but not the projection to the intergeniculate leaflet.  This indicates that these Orx+
zona incerta neurons mostly likely have projections to other structures in addition to the
intergeniculate leaflet, and the existence of these additional, but currently unknown
projections, are the possible reason for the maintenance of this cell group in the mole rats.
As in all species where the orexinergic terminal networks have been described, the
mole rats studied herein have high to moderate density projections to all the serotonergic
nuclei, the pontine cholinergic nuclei, and the locus coeruleus complex (Bhagwandin et al.,
2008). In addition, both mole rats expressed a high to medium-density Orx+ terminal network
within the periaqueductal grey matter and the ventral tegmental area (VTA), similar to that
previously reported for other rodents and other mammals. Interestingly though, while a low
to absent density of Orx+ terminal networks has been reported for the superior colliculus in
other rodent species, a medium-density Orx+ terminal network was observed in this study
despite the reduced size of the superior colliculus previously noted for mole rats (Nemec et
al., 2004; Da Silva, 2006). Variations in terminal densities within the inferior colliculus (IC)
and interperduncular (IP) nulei, amongst rodent species, were similarly noted in both species
of mole rat. The highveld mole rat expressed a medium-density Orx+ terminal network in
both the IC and IP, similar to the hamster, grass rat, degu and wistar rat; whereas the Cape
dune mole rat demonstrated a low-density Orx+ terminal network within the IC and IP,
consistent with the Long-Evans and Wistar rats; however, these terminal networks also
appear to vary significantly across the IP and IC of other mammals studied to date.
Interestingly no other rodent species, except for the Cape dune mole rat of the current study,
exhibited a high-density Orx+ terminal network within area postrema (AP) with medium-
density Orx+ terminal networks reported within AP for the degu and wistar rat, whereas the
highveld mole rat demonstrates a low-density Orx+ terminal network for this homologous
region. The catecholaminergic medullary nuclei (C1, C2, A1 and A2) expressed a medium-
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density Orx+ terminal network in both species of mole rat and this is congruent with previous
rodent species however it must be noted that there is no clarity with regard to the distribution
of Orx+ terminal networks within C2 amongst other rodent and mammalian species studied
to date.
94
Chapter 4 - Sleep and wake in rhythmic vs arrhythmic chronotypes of a
microphthalmic species of African mole rat (Cryptomys mechowi).
4.1 Introduction
The reversible, homeostatically controlled state of reduced responsiveness, reduced
motor ability and reduced metabolism, commonly defines the physiological phenomenon of
sleep (Siegel, 2008). In mammals, this state is often separated into rapid eye movement
(REM) and non-REM stages that are differentiated by changes in the electroencephalogram
(EEG) and electromyogram (EMG) amongst other features (Siegel, 2009). Within mammals,
sleep has been studied by visual observation or physiological recording in 17 orders, 47
families and 178 species (McNamara et al., 2008), but the exact function of sleep remains
unclear.
Most mammals studied meet the standard criteria for sleep in that they have clearly
distinguishable SWS and REM states (the marine mammals being unusual in this sense,
Lyamin et al., 2008). Tobler (1995) proposed that sleep is not fundamentally different in
mammalian species, but Siegel (2004) suggests that adaptive mechanisms rather than
phylogenetic relationships provide a better explanation of the variation in sleep time and
other parameters across species. In contrast to this, Capellini et al (2008) indicate that they
have detected a ‘phylogenetic signal’ in mammalian sleep, perhaps indicating some
predictability of this state across species. Detailed sleep studies in rodents have examined the
rat (Alfoldi et al., 1990), mouse (Richardson et al., 1985; Ayala-Guerrero et al., 1998; Tang
and Sanford, 2002), Djungarian hamster (Deboer et al., 1994), Syrian hamster (Tobler and
Jaggi, 1987), chipmunk (Dijk and Daan, 1989; Estep et al., 1978), gerbil (Kastaniotis and
Kaplan, 1976; Susic and Masirevic, 1986; Ambrosini et al., 1994), guinea pig (Tobler et al.,
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1993; Tobler and Franken, 1994), squirrel (Folk, 1963; Chepkasov, 1980), Octodon degu
(Kas and Edgar, 1998) and the blind mole rat (Tobler and Deboer, 2001).
In the current study sleep was physiologically and behaviourally recorded in the giant
Zambian mole rat (Cryptomys mechowi) which is well known for its subterranean lifestyle,
regressed visual system (Cooper et al., 1993; Hart et al., 2004; Nemec et al., 2004; McMullen
et al., 2010) and unusual patterns of circadian rhythmicity (Lovegrove and Papenfus, 1995;
Lovegrove and Muir, 1996; Oosthuizen et al., 2003). It has been shown that the two main
retinorecipient structures of the circadian system, the suprachiasmatic nucleus and the
intergeniculate nucleus/leaflet, have different neuropeptide populations and afferents and are
reduced in size in mole rats compared to other rodents (Negroni et al., 2003; Bhagwandin et
al., 2011). Other approaches directed at understanding the unusual circadian rhythmicity in
mole rats have shown that these subterranean rodents possess an endogenous melatonin
rhythm that has a circadian pattern (Gutjah et al., 2004) and that body temperature is not a
reliable indicator of endogenous circadian activity in mole rats (Lovegrove and Muir, 1996).
Furthermore, locomotor activity studies have shown that within a species of mole rat there
are individuals that have a rhythmic chronotype and others that have a distinctly arrhythmic
chronotype, and this is seen in both social and solitary species of mole rat (Oosthuizen et al.,
2003).
The giant Zambian mole rat leads a solitary lifestyle, inhabiting diverse soil types in
the tropical woodland and savannah regions of northern Zambia, southern Democratic
Republic of Congo and central Angola (De Graaf, 1971). This species is typically pale brown
in colour with a maximum body weight of 600g for males and 350g for females (Burda and
Kawalika, 1993). The current study was aimed at determining: (1) whether measurable sleep
parameters vary predictably with individuals that possess rhythmic chronotypes as opposed to
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individuals that are distinguishably arrhythmic; and (2) if dramatic changes in phenotype,
such as the regressed visual system, affect sleep parameters in comparison to other rodents.
4.2 Materials and Methods
In the present study, physiological measures of EEG and EMG were telemetrically
recorded from six individual wild caught adult male giant Zambian mole rats (Cryptomys
mechowi) (Table 1). At the Mammal Research Institute, University of Pretoria the circadian
activity these animals were recorded and the mole rats were identified as either rhythmic or
arrhythmic (Fig. 4.1) (see section 4.2.1). Prior to the commencement of sleep recording, the
animals were brought to the University of the Witwatersrand and were allowed a month of
acclimatisation in an isolated (to minimise noise and other disturbances) and environmentally
controlled room (12h light/dark cycle with a constant ambient temperature of 25°C). A single
mole rat was housed in an enclosure (60 x 50 cm) in which a transparent perspex tube (20 cm
long with a diameter of 6.5 cm) was secured to the floor of the enclosure. Wood shavings
were used to line the floor, but not enough was placed to hinder visual observation of the
animals. Each animal was fed a mixture of sweet-potatoes, apples and carrots once a day. All
animals were treated and used according to the guidelines of the University of the
Witwatersrand Animal Ethics Committee, which parallel those of the NIH for the care and
use of animals in scientific experimentation.
4.2.1 Determination of Rhythmicity patterns
A system using infrared detectors was used to detect activity patterns in the mole rats.
The mole rats were exposed to differing light conditions that included, light (L) and dark (D)
cycles, DD cycles and LL cycles. Initially the experimental protocol started with a 12L:12D
cycle (stage 1) and once entrainment was achieved the light cycle was switched to constant
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darkness for 1 month (stage 2) to determine the expression of endogenous rhythms. Once this
was completed the light cycle was reversed to 12L:12D (stage 3). To determine rhythmicity
patterns, patterns of activity were determined under the various light and dark cycles and a
mole rat was considered rhythmic when it exhibited the same preference for phase activity
during stage 3 as it did in stage 1. Conversely a mole rat was deemed arrhythmic when no
discernable preference for phase of activity could be ascertained between stage 3 and stage 1.
For the purposes of the current project a total of 12 mole rats were recorded for circadian
rhythmicity and the three that exhibited the strongest patterns of rhythmicity or arrhythmicity
were used for sleep recordings. For details regarding the specifics of circadian rhythm
determination see Oosthuizen et al. (2003).
4.2.2 Surgery
 Once the animals were acclimatised, they were administered a weight dependant
mixture of ketamine and xylazine (2:1, 0.01ml/100g, Bayer HealthCare). Throughout
surgery, anaesthesia was maintained using Isoflurane (at a concentration of 1% - 2.5% in an
oxygen/70% nitrous oxide mixture, Safe Line Pharmaceuticals) fed from a mask placed
directly over the nostrils that was supplied by a respirator. After shaving the scalp and left
abdomen, a chemical disinfectant (CHX Chlorhexidine, 0.5% chlorhexidine in 75% alcohol,
Kyron Laboratories) was applied to the skin using sterile swabs. Two incisions were made for
implantation of the transmitter and electrodes, one over the midline of the skull and one over
the left abdomen. At the abdominal incision a subcutaneous pocket was created to house the
transmitter. The lead wires of the transmitter (two for EEG and one for EMG) were then fed
subcutaneously from the abdominal incision to the cranial incision. Once the skin had been
reflected at the cranial incision, the temporalis muscle over the left hemisphere was retracted
to reveal the dorsal cranial surface. Cotton swabs immersed in H2O2 were used to clean the
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surface of the cranial vault and a small dental drill was used to bore two holes over the motor
cortex of the left hemisphere without penetrating the dura mater. Thirty six hours prior to
surgical implantation, the transmitter and electrode wires were sterilised for 18 h using Cidex
(a non-irritant chemical sterilant, Johnson & Johnson) and then placed in sterile normal saline
for a further 18 h. Using a surgical microscope, the EEG electrodes (the leads of which were
made out of stainless steel, have an outer diameter of 0.3 mm and a lead diameter of 0.2 mm)
were placed into each hole to rest above the dura mater and secured in place using dental
acrylic (Profdent). The EMG electrodes were then sutured into the nuchal musculature. Once
the electrodes were secure, the transmitter was carefully inserted into the subcutaneous
pocket and both incisions sutured. Anaesthesia was reversed by switching off the flow of
Isoflurane and the analgesic Temgesic (0.3mg/100g i.m., Reckitt Benckisser Healthcare) was
administered. The animals were then returned to the enclosure and monitored for seven days
prior to recording.
4.2.3 Recording
EEG and EMG were recorded using a Data Sciences International (DSI) telemetric
system that included a transmitter (PhysioTel Telemeric Systems, TL11 M2 F40-EET-
Implant, the leads of which were made out of stainless steel, have an outer diameter of 0.3
mm and a lead diameter of 0.2 mm; weight: 7 g; volume: 4.5 cc; height: 13.8 mm) and a
receiver (placed directly under the enclosure) connected to a DEM matrix that was connected
to a computer. EEG and EMG were recorded continuously for 72-h in each animal and stored
as a DSI file. Once recording was completed, the DSI files were converted to text files
(containing information for the frequency bands 1-4, 4-8, 8-12 and 12-16 Hz; as well as
information relating to muscle movements) that were subsequently converted into Spike files
using the Spike 2 software (version 4.2, Cambridge Electronic Design). The Spike files
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generated presented the EEG and EMG data in a fashion that facilitated visual scoring of
defined physiological states. Spectral power for the EEG was also calculated for each
individual.
In addition to EEG and EMG, behaviour was recorded using the output of a low light
CCTV camera connected to the hard disk drive of a commercially available DVD recorder.
At the cessation of recording, this information was copied to DVD-R discs and analysed in
conjunction with the physiological data. Red dark room lights were used to illuminate the
enclosure throughout the 72 h period.
4.2.4 Analysis
EEG and EMG allowed the scoring of 3 states: waking (W) which was characterised
by low amplitude, high frequency EEG activity and irregular high amplitude EMG activity;
SWS which was defined by high amplitude, low frequency EEG activity and stable low
amplitude EMG activity; and REM/paradoxical (R) which was defined by low amplitude,
high frequency EEG activity (similar to that of waking) and low amplitude EMG activity that
displayed large, high amplitude infrequent spikes that were correlated with observed
behavioural muscle twitches and jerks. EEG and EMG were scored in 5 s epochs (where a
state was recorded only if it persisted for 50% or more of the scoring interval) and the results
entered into a Microsoft Excel generated template. Subsequently, this data was rescored at 1
min intervals (where a state was recorded only if it persisted for 50% or more of the scoring
intyerval) by employing a mode formula (using Microsoft Excel) on the 5 s scored data,
whereby the modal state for each minute was recorded.
Behavioural data was scored at 1 min intervals (where a state was recorded only if it
persisted for 50% or more of the scoring interval) as eating (1), active wake (2), grooming
(3), repositioning (4), immobile (5) and sleep posture (6), the latter of which was assigned
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when the animal assumed a curled ‘ball-like’ position where the head was noticeably tucked
underneath the body. The time spent in wake and sleep states (represented as a % of 24 h)
and distribution of wake and sleep states between light and dark periods (% of 12 h) for both
physiological and behavioural data were calculated in each individual.
The average number of episodes (where an episode is the period of time occupied by
a particular physiological state from distinguishable initiation to termination of that state) of
wake and sleep states and the average duration of an episode of wake and sleep states were
calculated for a 24 h cycle and for light and dark periods. In four individuals the average
spectral power of slow wave activity (SWA, 1.2 – 4.0 Hz) during SWS for consecutive 2 h
periods was plotted for the 72 h recording. Total spectral power of SWA during SWS was
calculated in rhythmic and arrhythmic groups and compared between light and dark periods.
The length of a sleep cycle was calculated as the difference in time between the onsets of
consecutive REM episodes. This calculation eliminated episodes of waking with an
uninterrupted duration that was greater than 10 min for example, if between consecutive
onsets of REM there was a period of only active wake (as determined by both physiology and
behaviour) that was longer than 10 min in duration, then this episode was eliminated.
Data collected for the circadian chronotypes of the current study was analysed for
statistically significant differences in the time spent in wake and sleep states, the average
number of episodes of wake and sleep states and average duration of an episode of wake and
sleep states, within and between chronotypes and within and between days and light and dark
periods. Statistical tests used in the current study employed the PAleontological STatistics
(PAST, version 2.02) software program (Hammer et al., 2001). A normality test was
employed on each dataset and if the dataset was normally distributed (p>0.05), a one-way
ANOVA was employed; but if the dataset was not normal in its distribution (p<0.05), a
Mann-Whitney test was performed. Statistical significance was noted when the p<0.05 for
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both ANOVA and Mann-Whitney tests. To determine the root of the statistical significance,
univariate analyses were carried out for the datasets in question.
4.3 Results
In the present study, electroencephalographic waking, SWS and REM, through the
recording of EEG and EMG, were telemetrically recorded continuously over a period of 72
hours, in conjunction with behavioural recordings, from six individual giant Zambian mole
rats (Cryptomys mechowi).  Three of the mole rats displayed a rhythmic chronotype, while
three displayed an arrhythmic chronotype (Fig. 4.1). Behaviourally scored waking involved
the animal moving around the enclosure, eating, grooming and re-posturing (Fig. 4.2). These
behavioural states were identified physiologically by low amplitude, high frequency EEG
activity and irregular high amplitude EMG activity. SWS was behaviourally identified when
the animal presented itself in either a curled ‘ball-like’ position, where the head was
noticeably tucked under the body, or a state of immobility with the head resting on the floor
of the enclosure. SWS was characterised by high amplitude, low frequency EEG activity and
stable low amplitude EMG activity. REM sleep was behaviourally scored when body
twitches or muscle jerks were observed while the animal was in a curled ‘ball-like’ posture or
other immobile postures such as lying prone. This state was physiologically identified by low
amplitude, high frequency EEG waves (similar to that seen in waking) and when the EMG
had a very low muscle tone (lower than waking and SWS) and when the EMG displayed
large, high amplitude infrequent spikes (that correlated with behavioural twitches and jerks
upon post hoc analysis) (Figs. 4.3, 4.4). The results of the present study showed that the
rhythmic chronotype spent more time in a state of SWS and had a longer average duration of
an episode of SWS, while the arrhythmic chronotype spent more time in a state of waking
and had a longer average episode of waking. The time spent in REM sleep, the average
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number of episodes of REM sleep and the average duration of an episode of REM was
similar between the rhythmic and arrhythmic groups.
4.3.1 Behavioural analysis
Behaviour was recorded continuously over 72 h in each animal (n=6) and in 1 min
epochs as: eating, active wake, grooming, repositioning, immobility and sleep posture (curled
‘ball-like’ position). Behavioural analysis showed that, on average per 24 h, the rhythmic
mole rats spent 1.3 h eating, 4.1 h in a state of active wake, 1.3 h grooming, 0.4 h
repositioning, 1.6 h immobile and, 15.6 h in sleep postures. The arrhythmic animals spent 1 h
eating, 1.9 h in a state of active wake, 1.6 h grooming, 0.5 h repositioning, 0.3 h immobile
and, 18.5 h in sleep postures (Fig. 4.2) (also see attached video files 1 – 8 showing the
behavioural states). When the distribution of the various behavioural states between light and
dark periods were compared it was observed that both rhythmic and arrhythmic animals
spent, on average, similar times during both light and dark periods in the various behavioural
states. The rhythmic animals were in a state of active wake 1.5 times more during the light
than the dark periods, whereas the arrhythmic individuals were actively awake almost twice
the time in light compared to dark periods (Fig. 4.2). A comparison of the total times spent in
various behavioural states between the rhythmic and arrhythmic groups yielded no significant
statistical differences across the 24 h periods or between the 12 h light and dark periods.
4.3.2 Physiological Analysis
4.3.2.1 State Definitions
The state of wake was determined by low amplitude, high frequency EEG activity and
irregular high amplitude EMG activity and this was behaviourally correlated with activities
that included moving around the enclosure (often in a clockwise direction), attempted
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burrowing which was identified in one of two ways: (1) when the animal was observed
gnawing the inside of the perspex tube using their incisors; and (2) when the animal would
flick the wood shavings backwards using their hind legs while moving in a backward
direction), eating, grooming and repositioning (see video files 1 - 4, 8). The state of SWS was
identified by high amplitude, low frequency EEG activity and stable low amplitude EMG
activity and this was behaviourally associated with either the curled ‘ball-like’ position
defined when the head was tucked beneath the abdomen of the animal (behaviourally scored
as sleep posture), or when the head was rested on the floor of the enclosure (behaviourally
scored as immobile) (see video files 5, 6). Paradoxical (REM) sleep was identified by low
amplitude, high frequency EEG waves (similar to that seen in waking) and when the EMG
displayed large, high amplitude infrequent spikes and this was behaviourally identified as
varying combinations of neck jerks, leg jerks and body jerks that correlated with the large,
high amplitude spikes observed in the EMG during sleep posture or immobility (Figs. 4.2,
4.3) (see video file 7). The peak amplitude for spectral power calculated within the rhythmic
group during the 72 h recording was: 0.4 x 10-4V2 during waking, 1.4 x 10-4 V2 during SWS
and 0.9 x 10-4 V2 during REM sleep. The peak amplitude for spectral power calculated within
the arrhythmic group during the 72 h recording was: 0.35 x 10-4V2 during waking, 1.4 x 10-
4V2 during SWS and 0.6 x 10-4V2 during REM sleep. It was observed that the frequency
range for spectral power in the rhythmic group was 0 – 7 Hz for the physiologically defined
wake and sleep states but the peak amplitude of spectral power occurred at: 4.5 Hz during
waking, 4 Hz during SWS and 4.4 Hz during REM sleep. The arrhythmic group also
displayed the 0 – 7 Hz range for spectral power, but it was noticed that the peak amplitude of
spectral power occurred at: 4.5 Hz during waking, 3.9 Hz for SWS and 4.6 Hz during REM
sleep in this group (Fig. 4.5).
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4.3.2.2 Time spent in wake and sleep states
Upon analysis of the five second (5 s) epoch scored physiological data, it was
observed that the rhythmic animals, on average for a 24 h cycle, spent 16.6 h (69%) in a state
of wake (the distribution of which was numerically higher during the light period than the
dark period), 5.9 h (26%) in SWS (the distribution of which was numerically higher during
the dark period than the light period) and 1.2 h (5.0 %) in REM sleep (where the distribution
was numerically higher during the dark period than the light period). Total sleep time (TST)
per 24 h measured 29 % (~7.0 h) and the percentage of REM of TST was 16 % (~1.2 h)
(Tables 4.1, 4.3). The arrhythmic individuals generally spent 18.2 h (76%) in a state of wake
(the distribution of which was numerically higher during the light period than the dark
period), 4.2 h (19%) in SWS (the distribution of which was numerically higher during the
dark period than the light period) and 1.2 h (5.0 %) in REM sleep (where the distribution
remained similar between light and dark times) (Figs. 4.6, 4.7, 4.8). Total sleep time (TST)
per 24 h measured 22 % (~5.3 h) and the percentage of REM of TST was 21 % (~1.1 h)
(Tables 4.1, 4.3)
 When the physiological data was scored at 1 min intervals, the results revealed that
the rhythmic group, on average for a 24 h cycle, spent 17.8 h (74%) in a state of wake (the
distribution of which was numerically higher during the light period compared to the dark
period), 5.1 h (21%) in SWS (the distribution of which was numerically higher during the
dark period compared to the light period) and 1.2 h (5.0 %) in REM sleep (where the
distribution was numerically higher during the dark period compared to the light period).
Total sleep time (TST) per 24 h measured 26 % (~6.2 h) and the percentage of REM of TST
was 19 % (~1.2 h) (Tables 2, 3). Similarly, the arrhythmic individuals spent 19.6 h (82%) in a
state of wake (the distribution of which was numerically higher during the light period
compared to the dark period), 3.4 h (14%) in SWS (the distribution of which was numerically
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higher during the dark period compared to the light period) and 1 h (4.0 %) in REM sleep
(where the distribution was numerically higher during the dark period than the light period)
(Fig. 4.6, 4.7, 4.8). Total sleep time (TST) per 24 h measured 18 % (~4.3 h) and the
percentage of REM of TST was 23 % (~1 h) (Tables 4.2, 4.3).
The time spent in waking, SWS and REM were then statistically compared (using
both scoring techniques) between the groups for the 72 h recording and the light and dark
periods. With regard to the 5 s epoch scored data, statistical significance was noted between
the groups in: (1) the time spent in waking (One-way Anova, p-value: 2.99E-06; where the
arrhythmic group showed a numerically higher mean amount of time spent awake); (2) the
time spent in waking during the light period (One-way Anova, p-value: 1.50E-02, ; where the
arrhythmic group showed a numerically higher mean amount of time spent awake); (3) the
time spent in waking during the dark (One-way Anova, p-value: 1.81E-05; where the
arrhythmic group showed a numerically higher mean amount of time spent awake); (4) the
time spent in SWS (One-way Anova, p-value: 5.32E-09; where the rhythmic group showed a
numerically higher mean amount of time spent in SWS); (5) the time spent in SWS during the
light period between days (One-way Anova, p-value: 3.92E-02; where the rhythmic group
showed a numerically higher mean amount of time spent in SWS); and (6) the time spent in
SWS during the dark period between days (One-way Anova, p-value: 2.76E-03; where the
rhythmic group showed a numerically higher mean amount of time spent in SWS). No
statistically significant differences were noted for REM sleep times in the 5 s epoch data.
When the 1 min epoch data was compared no statistically significant differences between the
groups were observed.
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4.3.2.3 Number of episodes of wake and sleep states
The number of episodes of waking, SWS and REM sleep were calculated for both 5 s
epoch data and 1 min epoch data, in both rhythmic and arrhythmic groups. The results of the
5 s epoch data indicates that within the rhythmic group, the average number of episodes in 24
h was: 940 for waking (the number of which was numerically higher during the dark period
than in the light period), 779 for SWS (the number of which was numerically higher during
the dark period compared to the light period) and 28 for REM sleep (where the number was
numerically higher during the dark period than in the light period). The average number of
episodes for the arrhythmic group for 24 h was: 966 for the waking state (the number of
which was numerically higher during the dark period compared to the light period), 669 for
SWS (the number of which was numerically higher during the dark period than the light
period) and 28 for REM sleep (where the number was numerically higher during the dark
period compared to the light period) (Figs. 4.6, 4.7, 4.8). Analysis of the 1 min epoch data
showed that the average number of episodes during a 24 h cycle within the rhythmic group
was: 136 for waking (the number of which was numerically higher during the dark period
compared to the light period), 127 for SWS (the number of which was numerically higher
during the dark period compared to the light period) and 23 for REM sleep (where the
number was numerically higher during the dark period compared to the light). The
arrhythmic average episodic composition for the 1 min epoch data was: 115 for waking (the
number of which was numerically higher in the dark period than the light period), 103 for
SWS (the number of which was numerically higher during the dark period compared to the
light period) and 18 for REM (where the number was numerically higher during the dark
period compared to the light period) (Figs. 4.6, 4.7, 4.8).
The number of episodes for waking, SWS and REM were statistically compared
(using both scoring techniques) between the groups for the 72 h recording and the light and
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dark periods. With regard to the 5 s epoch data, statistical significance was noted between the
groups in: (1) the number of SWS episodes (One-way Anova, p-value: 2.62E-03; where the
rhythmic group showed a numerically higher mean number of episodes); and (2) the number
of SWS episodes during the light period (One-way Anova, p-value: 5.89E-03; where the
rhythmic group showed a numerically higher mean number of episodes). No statistically
significant differences between the groups were observed when the 1 min epoch data was
compared.
4.3.2.4 Duration of wake and sleep states
The average duration of an episode of waking, SWS and REM sleep were calculated
for both 5 s epoch and 1 min epoch data in both rhythmic and arrhythmic groups. The results
of the 5 s epoch data indicates that within the rhythmic group, the average duration of an
episode was 64 s for waking (the duration of which was longer during the light period than
the dark period), 27 s for SWS (where the duration was longer in the dark period than the
light period) and 150 s for REM sleep (where the duration was longer in the light period than
in the dark period). The arrhythmic group revealed an average duration of an episode of 68 s
for waking (where the duration was longer in the light period than the dark period), 23 s for
SWS (where the duration was similar between light and dark period) and 146 s for REM
sleep (where the duration was longer in the dark period than the light period) (Figs. 4.6, 4.7,
4.8). Analysis of the 1 min epoch data showed that the average duration of an episode of
waking was 453 s (where the duration was longer in the dark period than in the light period),
147 s for SWS (where the duration was longer in the dark period than in the light period) and
189 s for REM sleep (where the duration was longer in the dark period than in the light
period). The arrhythmic group revealed an average duration for an episode of waking of 609 s
(where the duration was longer in the light period than the dark period), 119 s for SWS
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(where the duration was longer in the light period than in the dark period) and 195 s for REM
sleep (where the distribution was longer in the light period than the dark period) (Figs. 4.6,
4.7, 4.8).
The average duration of an episode of waking, SWS and REM were then statistically
compared (using both scoring techniques) between the groups for the 72 h recording and the
light and dark periods. With regard to the 5 s epoch data, statistical significance was noted
between the groups in: (1) the average duration of a waking episode (One-way Anova, p-
value: 1.56E-02; where the arrhythmic group showed a numerically higher mean average
duration); (2) the average duration of a waking episode during the dark period (One-way
Anova, p-value: 1.64E-02; where the arrhythmic group showed a numerically higher mean
average duration); (3) the average duration of a SWS episode (One-way Anova, p-value:
1.99E-04; where the rhythmic group showed a numerically higher mean average duration);
and (4) the average duration of a SWS episode during the light period (One-way Anova, p-
value: 5.98E-03; where the rhythmic group showed a numerically higher mean average
duration). No statistically significant differences between the groups were observed when 1
min epoch data was compared.
4.3.2.5 Slow wave activity (SWA) and spectral power
Spectral power (from the frequency band 1.4 – 4 Hz) is used to indicate the intensity
of the SWA. The distribution of spectral power was calculated as an average of 2 h intervals.
In the present study, SWA (calculated as a measure of spectral power) was compared
between the groups during waking, SWS and REM sleep. It was observed that SWA was
highest during SWS sleep and lowest during REM sleep in both groups of mole rats. The
arrhythmic group showed a numerically higher SWA during SWS sleep compared to the
rhythmic group. When SWA was analysed between the groups during the light and dark
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period, it was observed that the arrhythmic group showed a numerically higher SWA during
SWS in both light and dark period compared to the rhythmic group (Fig. 4.9).
4.3.2.6 State transitions and REM periodicity
Transitions between the physiologically identified states were counted in both groups
for both the 5 s and 1 min scored data. The 5 s data showed that from the waking state the
rhythmic individuals transitioned with greater frequency to SWS (99.5%) and only 0.5% into
REM, whilst the arrhythmic group transitioned 99.6% and 0.4% respectively. From a state of
SWS the rhythmic group transitioned significantly more often to waking (98.5%) than to
REM (1.5%) while the arrhythmic group transitioned 98.4% and 1.6% respectively. In both
groups, the state of REM transitioned only to waking (Figs. 4.10, 4.11). The 1 min scored
data showed that from the state of waking the rhythmic group transitioned with greater
frequency to SWS (90.7%) than into REM (9.3%) while the arrhythmic group transitioned
96.1% and 3.9% respectively. From a state of SWS the rhythmic group transitioned
significantly more often to waking (86.6%) than to REM (13.4%) while the arrhythmic group
transitioned into these states 87% and 13% respectively. Transitions from a state of REM
were limited to waking only in both groups (Figs. 4.10, 4.11).
REM periodicity was calculated as the difference in time (1 min data only) between
the onsets of consecutive REM episodes, and also when episodes of waking with duration
greater than 10 min were eliminated in alignment with standard protocol (Fig. 4.12). The
results revealed that the rhythmic group exhibited a higher frequency of REM onset within an
hour period indicating that the peak sleep cycle duration was 25-30 min in length. A similar
scenario was noted when waking episodes greater than 10 min were eliminated but peak
cycle lengths were observed in the range of 15 -25 min. The arrhythmic group showed a
relative variation in the frequency of REM onsets within an hour bracket with a peak cycle
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length that occurred in the range of 10-15 min and 20-25 min, suggesting a more a variable
cycle duration in this group (Fig. 4.12). REM periodicity was also calculated with episodes of
waking with duration greater than 10 min. The results revealed a peak cycle length in the
range of 20-25 min for the rhythmic chronotype whereas the arrhythmic chronotype revealed
a peak cycle length 10-15 min and 20-30 min.   
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Figure 4.1: Actigrams illustrating circadian patterns of locomotor activity for one week
in a rhythmic and arrhythmic giant Zambian mole rat (Cryptomys mechowi). The first
period between 00:00 to 00:00 (the left half of the figure) is a repeat of the previous days’
activity. Therefore the figure shows activity patterns for the respective chronotypes for
one week only. These actigrams indicate that the rhythmic mole rats have a predictable
period of activity during the light period whereas locomotor activity in the arrhythmic
animals is irregular.
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Figure 4.2: Graphs showing data for the various behavioural states in rhythmic and
arrhythmic individuals (grey bars, same individuals from left to right in each graph and in
all subsequent similar graphs) and the respective weighted means (black bars). The
graphs represent the percentage and average amount of time spent in the various
behavioural states for a 24h cycle (from 72 h of recording) and for the 12 h light and dark
period periods (from 36 h of recording).
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Figure 4.3: Polygraphic traces illustrating examples of the EEG and EMG recorded
during sleep and wake states in the giant Zambian mole rat (Cryptomys mechowi). Active
wake was characterised by low amplitude, high frequency EEG and high amplitude
EMG. SWS was characterised by high amplitude, low frequency EEG and low amplitude
EMG. Paradoxical (REM) sleep was characterised by low amplitude, high frequency
EEG (similar to that seen in waking) and low amplitude EMG that contained large, high
amplitude infrequent spikes (indicative of muscle twitches and jerks).
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Figure 4.4: Polygraphic traces illustrating examples of the EEG and EMG during
transitions from wake to SWS to REM to wake between wake and SWS.
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Figure 4.5: Graphs indicating the spectral power range during wake and sleep states for
rhythmic and arrhythmic mole rats.
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Figure 4.6: Graphs illustrating physiological data (5 s epoch scoring, left column of
graphs, and 1 min epoch scoring, right column of graphs) for sleep and wake states
during a 24 h cycle in rhythmic and arrhythmic individuals (grey bars) and the respective
weighted means (black bars). The graphs indicate percentage and the average amount of
time spent in wake and sleep states, the average number of episodes for wake and sleep
states and the average duration of an episode in wake and sleep states.
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Figure 4.7: Graphs illustrating physiological data (5 s epoch scoring, left column of
graphs, and 1 min epoch scoring, right column of graphs) for sleep and wake states
during the 12 h light period in rhythmic and arrhythmic individuals (grey bars) and the
respective weighted means (black bars). The graphs indicate percentage and the average
amount of time spent in wake and sleep states, the average number of episodes for wake
and sleep states and the average duration of an episode in wake and sleep states.
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Figure 4.8: Graphs illustrating physiological data (5 s epoch scoring, left column of
graphs, and 1 min epoch scoring, right column of graphs) for sleep and wake states
during the 12 h dark period in rhythmic and arrhythmic individuals (grey bars) and the
respective weighted means (black bars). The graphs indicate percentage and the average
amount of time spent in wake and sleep states, the average number of episodes for wake
and sleep states and the average duration of an episode in wake and sleep states.
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Figure 4.9: (A) Graphs representing the variations of spectral power of slow wave
activity (SWA) in SWS for 72 h from two individuals of the rhythmic and arrhythmic
groups respectively; (B) the total spectral power of SWA in SWS for 72 h during the light
and dark phases between rhythmic and arrhythmic groups; and (C) the total spectral
power in SWA during sleep and wake states for 72 h between rhythmic and arrhythmic
groups for each day.
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Figure 4.10: Hypnograms depicting physiological (5 s epoch scoring and 1 min epoch
scoring) and behavioural data (1 min epoch scoring) in 24 h from a rhythmic and an
arrhythmic individual. Grey shaded areas indicate the dark period of a 24 h cycle.
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Figure 4.11: Flow diagrams illustrating transitions (represented as a percentage) between
physiological wake and sleep states in 24 h for 5 s epoch scoring and 1 min epoch scoring
data from rhythmic and arrhythmic individuals.
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Figure 4.12: Graphs representing the time lapse (5 min periods) frequency between
onsets of consecutive physiologically identified REM episodes (REM periodicity) for 1
min epoch scoring data from rhythmic and arrhythmic individuals for data that excluded
episodes of waking greater than 10 min.
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Table 4.1: Table presenting 5 s epoch scored data for rhythmic and arrhythmic mole rats
for parameters measured in the current study.  TWT – Total waking time; TST – Total
sleep time; TSWS – Total slow wave sleep; TREM – Total REM. (*) indicates statistical
significance between rhythmic and arrhythmic chronotypes using One-way Anova where
p<0.05 and the post hoc Turkey’s pairwise comparison test where p<0.05. The location
of the asterisks indicates the chronotype with the higher mean.
Animal ID M3 M8 M9
Weighted
mean
rhythmic
M1 M5 M6
Weighted
mean
arrhythmic
Circadian
chronotype
Rhythmi
c Rhythmic Rhythmic Arrhythmic Arrhythmic Arrhythmic
Body mass
(g)
389 254 350 331 208 220 310 246
Brain Mass
(g) 2.2 2.2 2.4 2.3 2.2 2.2 2.2 2.2
Sex Male Male Male Male Male Male
TWT (%
24 h) 68 68 72 69 78 74 77 76*
TST
(% 24 h)
32 30 26 29 20 23 23 22
TSWS
(% 24 h) 27 25 22 25* 16 18 18 17
TREM
(% 24 h)
5 5 4 5 4 5 5 5
TWT-
Light
period (%
12 h)
68 77 74 73 82 74 79 78*
TST-Light
period
(% 12 h)
31 23 23 26 15 22 21 19
TSWS-
Light
period (%
12 h)
27 20 19 22 11 17 17 15
TREM-
Light
period (%
12 h)
5 4 3 4 4 5 4 4
TWT-
Dark
period (%
12 h)
67 60 71 66 74 75 75 75*
TST- Dark
period
(% 12 h)
33 37 28 33 26 25 25 25
TSWS-
Dark
period (%
12 h)
28 30 24 27 21 19 19 20
TREM-
Dark
period(%
12
6 7 5 6 4 5 6 5
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Table 4.2: Table presenting 1 min epoch scored data for rhythmic and arrhythmic mole
rats for parameters measured in the current study. TWT – Total waking time; TST – Total
sleep time; TSWS – Total slow wave sleep; TREM – Total REM.
Animal ID M3 M8 M9
Weighted
mean
rhythmic
M1 M5 M6
Weighted
mean
arrhythmic
Circadian
chronotype
Rhythmic Rhythmic Rhythmic Arrhythmic Arrhythmic Arrhythmic
Body mass
(g)
389 254 350 331 208 220 310 246
Brain Mass
(g)
2.2 2.2 2.4 2.3 2.2 2.2 2.2 2.2
Sex Male Male Male Male Male Male
TWT (%
24 h)
66 71 77 72 72 81 78 80
TST
(% 24 h)
30 28 21 26 18 22 15 18
TSWS
(% 24 h)
25 22 17 21 14 17 12 14
TREM
(% 24 h)
5 6 4 5 4 5 3 4
TWT-Light
period (%
12 h)
66 80 78 75 85 75 87 82
TST-Light
period
(% 12 h)
29 20 19 23 12 24 13 16
TSWS-
Light
period (%
12 h)
24 16 15 19 8 19 11 13
TREM-
Light
period (%
12 h)
4 4 4 4 4 5 3 4
TWT-
Dark
period (%
12 h)
67 63 76 68 77 80 82 80
TST- Dark
period
(% 12 h)
31 35 24 30 23 19 17 20
TSWS-
Dark
period (%
12 h)
25 28 19 24 19 14 13 15
TREM-
Dark
period(%
12
6 8 5 6 4 5 4 5
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Table 4.3: Table presenting results from rhythmic and arrhythmic mole rats of the current
study for: Total sleep time (TST), percentage REM sleep of TST, average duration of an
episode of SWS, and average duration of episode of REM; compared to other rodents.
Source references: (1) Mistlberger et al., 1983; (2) Van Twyver, 1969; (3) Valtax and
Bugat, 1974; (4) Kastaniotis and Kaplan, 1976; (5) Tobler and Deboer, 2001; (6) Borbély
and Neuhaus, 1979; (7) Franken et al., 1992; (8) Deboer et al., 1994; (9) Huber et al.,
2000.
TST
(h)
% REM of
TST
Duration SWS
episode
(min)
Duration REM
episode
(min)
TSWS
(h)
TREM
(h) Source
C. mechowi
Rhythmic 5s epoch scored data 7 16 0.5 2.5 5.9 1.1
Current
study
C. mechowi
Arrhythmic 5s epoch scored data 5.3 21 0.4 2.4 4.2 1.1
Current
study
C. mechowi
Rhythmic 1 min epoch scored data 6.2 19 2.5 3.2 5.1 1.2
Current
study
C. mechowi
Arrhythmic 1 min epoch scored
data
4.3 23 2.0 3.3 3.3 1 Currentstudy
(R.norwegicus)
Long-Evans rat 13.2 10.8 2.4
(R.norwegicus)
Sprague Dawley rat 13.7
18 5.2 1.7
11.2 2.5
1, 2, 6, 7
(M.musculus)
Laboratory mouse 12.8 13 - 20 4.7 – 7.1 0.7 – 0.9
10.2 –
11.1
1.7 –
2.6 3, 9
(M.auratus)
Golden hamster 14.4 - - - 2
(M. unguiculatus)
Mongolian gerbil 15.3 - - - 4
(C. laniger)
Chinchilla 12.5 - - - 2
(S. ehrenbergi)
Blind mole rat 12.4 15.1 9.7 2.5 10.5 1.9 5
Djungarian hamster - 15 7 1.8 8
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4.4 Discussion
The present study was undertaken to examine whether differences in wake and sleep
states were readily observable in a species of mole rat from which individuals with a
rhythmic or arrhythmic chronotype were identified and if a regressed visual system affected
these parameters in comparison to other rodents. The current study used standard techniques
for identifying the chronotype of the individual molerats (Oosthuizen et al., 2003) and then
employed telemetric recording of physiological EEG and EMG combined with behavioural
recording. In assigning physiological states the EEG and EMG enabled identification of
between wake, SWS and REM sleep in this species and these assignations correlated closely
with behavioural recordings. We used both a 5 s epoch scoring method and a 1 min epoch
scoring method to probe for potential differences, both methods having advantages and
disadvantages in revealing similarities and differences, of which several were noted. The
results indicate that the arrhythmic individuals spend more time in waking with a longer
average duration of a waking episode, and less time in SWS with a shorter average duration
of a SWS episode though with a greater slow wave sleep intensity. Total time spent in sleep
(TST) for both chronotypes of this rodent species was shorter than that seen in other rodents.
This was a result of the species studied spending less time in SWS compared to other rodents
(see Table 4.3), as the amount of time spent in REM sleep was within the range, though at the
upper end of the range, reported previously for other rodents.
4.4.1 State definitions
In the present study wake and sleep states were telemetrically recorded and
subsequently scored for both the 5 s epoch scoring and the 1 min epoch scoring. The state of
wake was polygraphically identified by low amplitude, high frequency cortical EEG activity
and irregular high amplitude nuchal EMG activity and these correlated with the behavioural
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states of eating, moving around, grooming and repositioning. The state of SWS was
polygraphically identified by high amplitude, low frequency cortical EEG activity and stable
low amplitude nuchal EMG activity and was always associated with the behavioural states of
either immobility or sleep posture (identified when the animal presented itself in a curled
‘ball-like’ position). REM sleep was polygraphically identified by low amplitude, high
frequency cortical EEG waves (similar to that seen in waking) and when the nuchal EMG
was lower in amplitude compared to waking and SWS and displayed large, high amplitude
infrequent spikes (that correlated with behavioural twitches and jerks only when the animal
was in either a state of immobility or in a curled ‘ball-like’ position). These criteria used for
the polygraphic identification of wake and sleep states in the mole rats of the current study
are congruent with those previously utilised in the physiological identification of wake and
sleep states in a different species of mole rat (Tobler and Deboer, 2001) and in other rodents
and terrestrial mammals (see review by Campbell and Tobler, 1984; Tobler, 1995;
McNamara et al., 2010).
4.4.2 5 s epoch scoring vs 1 min epoch scoring
The scoring techniques employed in the current study yielded some similarities and
differences in the results. It was observed that between the rhythmic and arrhythmic mole rats
for both methods of scoring (5 s and 1 min epochs) the time spent in waking (rhythmic
comparison; One-way Anova, p-value: 0.574 and arrhythmic comparison; One-way Anova,
p-value: 0.1298), SWS (rhythmic comparison; One-way Anova, p-value: 0.2884 and
arrhythmic comparison; One-way Anova, p-value: 0.1004) and REM sleep (rhythmic
comparison; One-way Anova, p-value: 0.7759 and arrhythmic comparison; One-way Anova,
p-value: 0.3777) remained similar. This is of importance as it reveals that the determination
of the time spent in the various wake and sleep states is not affected by which scoring method
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is utilised. The 5 s epoch scored data produced more statistically significant differences for
the average number of episodes of wake and sleep states and average duration of an episode
of wake and sleep states, within and between chronotypes and within and between days and
light and dark periods when compared to the 1 min epoch scored data (see description of
statistically significant differences in sections 4.3.2.2 to 4.3.2.4). The average duration of an
episode of waking and SWS generated by the 5 s epoch scoring data seem unusually short,
but if the average number of episodes is factored into this equation then the results indicate
that both the rhythmic and arrhythmic individuals may exhibit a form of sleep fragmentation,
as determined by the occurrence in brief arousals during SWS (Franken et al., 1991). The
differences between the methods of scoring are a direct result of a decrease in sampling size
from the 5 s epoch scoring to the 1 min epoch scoring, but the 1 min epoch scoring data
generates a more believable biological scenario for waking and SWS without significantly
changing the times spent in these physiological states. Interestingly, despite the differences
between the two methods for waking and SWS, the average number of episodes (rhythmic
comparison; One-way Anova, p-value: 0.0862 and arrhythmic comparison; One-way Anova,
p-value: 0.1964) and average duration of an episode of REM sleep (rhythmic comparison;
One-way Anova, p-value: 0.09602 and arrhythmic comparison; One-way Anova, p-value:
0.1624) remained similar for both scoring methods. In light of the above, both the 5 s and 1
min scoring data appear to be a reasonable methods to draw conclusions regarding the total
time spent in wake and sleep states, while the 1 min scoring data provides a more biologically
relevant, as it correlated more closely with the behaviour, method to determine the average
number of episodes of wake and sleep states and the average duration of an episode of wake
and sleep states. In the text that follows the values generated from the 1 min scoring data are
used for comparisons and discussion.
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4.4.3 Rhythmic vs Arrhythmic mole rats
The results of the present study indicated that the arrhythmic mole rats spent more
time in a state of wake (19.4 h vs 17.1 h, with a peak during the dark period), and had a
longer average duration for a waking episode (609 s vs 453 s) than the rhythmic group. In
contrast, the rhythmic mole rats spent more time in SWS (5.1 h vs 3.4 h, especially during the
light period), had a higher average number of SWS episodes (122 vs 103) and had a longer
average duration of a SWS episode (147 s vs 119 s) than the arrhythmic mole rats. Both
groups spent a similar amount of time in REM sleep (1.2 h for rhythmic vs 1 h for
arrhythmic), had a similar average number of REM sleep episodes (23 for rhythmic vs 18 for
arrhythmic) and had a similar average duration of a REM episode (189 s for rhythmic vs 194
s for arrhythmic). The homeostatic nature of sleep dictates that sleep propensity is related to
the history of prior waking i.e. the longer the vigilance state of wake is maintained, the
greater the drive for sleep becomes (Tucci and Nolan, 2010). Given that the arrhythmic group
spends more time awake than the rhythmic group, it is tempting to suggest that sleep
propensity in the arrhythmic group should be higher. Interestingly, in potential mitigation of
this apparent paradox, it was observed that SWA during SWS was consistently higher in the
arrhythmic group compared with the rhythmic group, indicating that the arrhythmic
individuals display a greater intensity of SWS compared to the rhythmic individuals. As
SWA in SWS can be used as an indicator of SWS intensity, it is possible that the decrease in
SWS observed in the arrhythmic mole rats is compensated for by increasing SWA in SWS
rather than by lengthening the duration of SWS. The SWA activity during SWS of the
arrhythmic mole rats of the current study is congruent with previous studies of sleep
deprivation in different mammals that have consistently shown an increase in SWA during
SWS following sleep deprivation (Tobler, 1995).
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Furthermore, it was observed that both chronotypes of mole rat spend a large
percentage of time in behavioural sleep posture yet they are mostly in a physiological state of
wake while in this position. An explanation for this presents as an adaptative feature to a
subterranean lifestyle with a regressed visual system. These animals are known to have
extensive tunnel systems and spend a large percentage of the day in these tunnels. Therefore
the mole rats observed in the current study devote a large percentage of their daily activity in
this posture.
4.4.4 Comparison to other rodents
In the present study it was found that the total sleep time (TST) in the rhythmic
individuals was 6.5 h whereas that of the arrhythmic group was 4.3 h. These values are lower
than those noted (under similar recording conditions) for other rodents (Table 4.3). The
amount of time spent in REM sleep in both groups of mole rats is lower than  the range that
has been observed in other rodents (1.7 – 2.6 h, Table 4.3); however, the proportion of REM
sleep relative to the total sleep time in the rhythmic group is 19 % while that of the
arrhythmic group is 23 %, which while within the range seen for other rodents are on the
higher end of the range (Table 4.3). The average duration of an episode of SWS in the
rhythmic and arrhythmic mole rats (147 s and 119 s respectively) are shorter than that seen in
other rodents (Table 4.3), but the average duration of a REM episode in the rhythmic and
arrhythmic mole rats (189 s and 195 s respectively) are longer than those reported in other
rodents (Table 4.3).
The consistency in the average duration of an episode of REM sleep between
rhythmic and arrhythmic groups suggests a crucial baseline function for REM sleep in the
mole rats. It has been previously noted that subterranean mole rats have a lower body
temperature than surface dwelling mammals (Bennett and Faulkes, 2000) though it is
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unknown whether body temperature differences exist between different circadian
chronotypes. It is has been shown that REM sleep reaches maximal activity when body
temperature is at its lowest (Dijk and Franken, 2005), therefore it could be possible that REM
sleep is specifically regulated in these mole rats irrespective of their chronotype in relation to
their body temperature, and this may explain the slightly higher duration of REM in the mole
rats of the current study compared to other rodents (Table 4.3). A possible explanation for the
discrepancy observed between the mole rats of the current study and other rodents could lie
in the genetic variation of these rodents, as some of the classic sleep disorders have been
associated with single gene mutations (Kimura and Winkelmann, 2007) and several studies
have identified genomic regions that contain allelic variations affecting quantifiable sleep
parameters commonly referred to as quantitative trait loci (QLT) (Tafti et al., 1997; Tafti,
2007). It is known in humans and mice that genetics are responsible for the
phenomenological architecture of sleep (Lindowski et al., 1991; Franken et al., 1998, 1999;
Tafti et al., 1997). It would appear that a series of loci on chromosomes 5, 7, 12 and 17 are
associated with the vigilance phenotype in mice (Tafti et al., 1997), and this was further
assessed by characterising differences in EEG parameters in inbred mice strains where a
number of differences between sleep states but also significant genotype-specific variations
were reported, thereby indicating that EEG parameters are under genetic control (Franken et
al., 1998).
4.4.5 Circadian rhythmicity and sleep
One of the aims of the current study was to determine whether baseline physiological
sleep parameters would differ in individuals of the same species with distinct circadian
chronotypes. The results of the present study indicate that while there were some differences
between the rhythmic and arrhythmic groups, for the most part the measured sleep parameters
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were not significantly different. It is known that circadian rhythmicity and sleep homeostasis
both contribute to the sleep-wake cycle and the structure of sleep in animals, yet it is apparent
that sleep homeostasis is driven by sleep-wake behaviour, whilst the circadian clock is
influenced by light and might be affected by the feedback of the sleep-wake cycle (Dijk and
Franken, 2005). Several studies have shown that the phase relationship between the sleep-
wake cycle and circadian rhythms may change and that the duration and structure of sleep
may depend on the circadian phase at which sleep occurs (e.g. Czeisler et al., 1980; Zulley et
al., 1981). Furthermore, sleep deprivation studies in species with an ablated SCN
demonstrated an increase in SWA and sleep duration that suggests a neuroanatomical
separation of the circadian and homeostatic regulation of sleep (Dijk and Franken, 2005). The
results of the present study support the notion of elevated SWA as it was observed that SWA
in SWS of the arrhythmic group was consistently higher when compared to the rhythmic
group and this was seen in both light and dark periods; however, the results disagree with
notion of an increase in sleep duration as it was observed that the average duration of an
episode of SWS in the arrhythmic group was significantly lower when compared to the
rhythmic group.
Circadian rhythms can be altered through genetic mutation of clock genes. Studies
have shown that ablation of the clock genes per1 and per2, which results in the absence of
circadian rhythms in mice, do not affect sleep homeostasis and are not associated with a
major change in the sleep deprivation induced increase in SWA (Kopp et al., 2002;
Shiromani et al., 2004)., Wisor et al (2002) showed that mice lacking the cryptochrome
genes, cry1 and cry2, also had an absence of circadian rhythmicity. This study concluded that
the cryptochrome genes affect sleep homeostasis, where SWS sleep time is increased and
SWA is higher compared to wild types and sleep deprivation produces no change to SWS
sleep time yet attenuates SWA compared to wild types. These genetic mutation studies
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indicate that the separation of circadian rhythmicity and sleep homeostasis does not extend to
all components of circadian rhythm generation (Dijk and Franken, 2005). In the present
study, the results are congruent with the theory postulating independence of circadian
rhythmicity and sleep homeostasis, since no statistical significance could be identified
between the rhythmic and arrhythmic groups in the amount of waking, amount of SWS sleep,
percentage of total sleep time, amount of REM sleep and the percentage of REM sleep
relative to the total sleep time; however, changes in the clock genes within the arrhythmic
group may explain the statistically longer duration of waking and shorter duration of SWS
sleep compared to the rhythmic group.
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Chapter 5 - Orexinergic neuron numbers in three species of African mole
rats with rhythmic and arrhythmic chronotypes
5.1 Introduction
It is well known that mole rats, subterranean, visually regressed rodents, have unusual
patterns of circadian rhythmicity (Lovegrove and Papenfus, 1995; Lovegrove and Muir,
1996; Oosthuizen et al., 2003). Locomotor activity studies have shown that within a species
of mole rat there are individuals that have a rhythmic chronotype, and others that are
distinctly arrhythmic and this is seen in both social and solitary species of mole rat
(Oosthuizen et al., 2003). A study of sleep patterns in the giant Zambian mole rat (Cryptomys
mechowi) showed some differences in sleep patterns between rhythmic and arrhythmic
chronotypes of this species (Chapter 4).
The neurotransmitter orexin is known to promote wakefulness, particularly during
motor activities (Estabrooke et al., 2001; Mileykovskiy et al., 2005; Lee et al., 2005; Saper et
al., 2005). Orexinergic neurons, which are restricted to the hypothalamus, have ascending
projections to the cerebral cortex and descending projections to the cholinergic (basal
forebrain, lateral dorsal tegmental nucleus, pedunculopontine nucleus) and monoaminergic
(locus coeruleus, ventral tegmental area, raphe) nuclear groups of the arousal systems
(Peyron et al., 1998; Chemelli et al., 1999; Baumann and Bassetti, 2005). Orexinergic
neurons further reinforce the arousal system by mutual communication with the sleep
promoting ventral lateral preoptic nucleus, though they may not directly inhibit the neurons
of this nucleus (Chou et al., 2000; Sakurai et al., 2005; Saper et al., 2005; Yoshida et al.,
2006). Loss of orexinergic neurons has been associated with narcolepsy (Chemelli et al.,
1999; Lin et al., 1999; Siegel, 1999), narcolepsy with cataplexy in humans (Peyron et al.,
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2000; Thannickal et al., 2000), narcolepsy without cataplexy in humans (Thannickal et al.,
2009) and the narcoleptic like symptoms in patients with Parkinson’s disease (Thannickal et
al., 2007).
It is also known that orexins are involved in appetite regulation through activation of
the leptin sensitive neurons of the arcuate nucleus and its subsequent feeding associated
signalling to orexinergic neurons of the lateral hypothalamus (LH) and henceforth interaction
between LH and the hypothalamic ventro-medial nucleus (VMH) (Stellar, 1954; Rodgers et
al., 2002; Sakurai, 2003; Sakurai, 2005). Several studies have demonstrated increased
orexinergic activity during states of vigilance and foraging and as a result have paired waking
with hunger sensations and optimal feeding (Sakurai et al., 1998; Edwards et al., 1999;
Haynes et al., 1999; Van Itallie 2006). Conversely anorexinergic activity has been associated
with sleep states, thereby pairing satiety with sleep (Rodgers et al., 2002; Nicolaidis, 2006,
Van Itallie, 2006). These studies are indicative of a coordinated orexinergic control of
appetite regulation with the sleep-wake cycle that is responsive to the SCN circadian clock
and nutritional status (Sakurai, 2005; VanItallie, 2006), plus, it has been suggested that
disruption of the circadian cycle and sleep deprivation can affect energy balance resulting in
changes in body composition (Taheri et al., 2004; Van Itallie, 2006).
Given this scenario on the action of the orexinergic neurons, and the clearly distinct
circadian chronotypes of the African mole rats, along with differences in the neuropeptide
population of the suprachiasmatic nucleus of the mole rats (Negroni et al., 2003), it was
thought that an investigation of orexinergic neuronal numbers may yield results of interest in
relation to function, especially so in the mole rats. In the current study, orexinergic neuronal
numbers of three species of African mole rat, the Highveld mole rat (Cryptomys hottenttotus
pretoriae), Ansel’s mole rat (Fukomys anselli) and the Damaraland mole rat (Fukomys
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damarensis) were quantified. All three species of mole rat have a reduced visual system, live
a subterranean lifestyle and have unusual patterns of circadian rhythmicity (Lovegrove and
Papenfus, 1995; Lovegrove and Muir, 1996; Oelschlager et al., 2000; Cernuda-Cernuda et al.,
2003; Negroni et al., 2003; Oosthuizen et al., 2003; Gutjahr et al., 2004; Nemec et al., 2004).
Brains from circadian distinct rhythmic and arrhythmic individuals of each species were
examined. The unusual circadian patterns of individuals within a species provide interesting
models to examine whether the absolute numbers of identified orexinergic neurons differs
between circadian chronotypes amongst the species examined.
5.2 Materials and Methods
A total of 18 brains (15 males and 3 females – see table 5.1) from three species of
wild caught African mole rat, the Highveld mole rat (Cryptomys hottentotus pretoriae) (CHP)
(average body mass: 127.9g; average brain mass: 1.5g), Ansel’s mole rat (Fukomys anselli)
(FA) (average body mass: 84.5g; average brain mass: 1.2g), and the Damaraland mole rat
(Fukomys damarensis) (FD) (average body mass: 107.8g; average brain mass: 1.8g) were
utilised in this study. For the purposes of the current study, three rhythmic and three
arrhythmic individuals per species were used.
5.2.1 Determination of Rhythmicity patterns
A system using, infrared detectors was used to detect activity patterns in the mole rats
see Oosthuizen et al. (2003).  The mole rats were exposed to differing light conditions that
included, light (L) and dark (D) cycles, DD cycles and LL cycles. Initially the experimental
protocol started with a 12L:12D cycle (stage 1) and once entrainment was achieved the light
cycle was switched to constant darkness for 1 month (stage 2) to determine the expression of
endogenous rhythms. Once this was completed the light cycle was reversed to 12L:12D
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(stage 3). To determine rhythmicity patterns, patterns of activity were determined under the
various light and dark cycles and a mole rat was considered rhythmic when it exhibited the
same preference for phase activity during stage 3 as it did in stage 1. Conversely a mole rat
was deemed arrhythmic when no discernable preference for phase of activity could be
ascertained between stage 3 and stage 1. For details regarding the specifics of circadian
rhythm determination see Oosthuizen et al. (2003).
5.2.2 Orexin Immunohistochemistry
The mole rats were euthanazed (Euthanaze, 200mg sodium pentobarbital/kg, i.p.) and
then perfused intracardially. The perfusion was initially done with a rinse of 0.9% saline
solution at 4°C, followed by a solution of 4% paraformaldehyde in 0.1M phosphate buffer
(PB, pH: 7.4) (approximately 1 l/kg of each solution). Brains were removed from the skull
and post-fixed overnight (24 h) in 4% paraformaldehyde in 0.1M PB, and then allowed to
equilibrate in 30% sucrose in PB. The brains were blocked and the diencephalon frozen and
sectioned coronally (50 µm section thickness). A one in two series of stains was made for
Nissl and orexin-A immunohistochemistry. Sections used for the Nissl series were mounted
on 0.5% gelatine coated glass slides, cleared in a solution of 1:1 chloroform and absolute
alcohol, then stained with 1% cresyl violet.
For immunohistochemical staining the sections were first treated for 30 min with an
endogenous peroxidase inhibitor (49.2% methanol: 49.2% of 0.1PB: 1.6% of 30% H2O2)
followed by three 10 min rinses in 0.1M PB. This was followed by a 2 h pre-incubation, at
room temperature, in a solution (blocking buffer) containing 3% normal goat serum (NGS,
Chemicon), 2% bovine serum albumin (BSA, Sigma), and 0.25% Triton X-100 (Merck) in
0.1M PB. The sections were then incubated in a primary antibody solution containing the
appropriately diluted antibody in blocking buffer for 48 h at 4°C under gentle agitation. To
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reveal orexinergic neurons, we used the anti-orexin-A antibody AB 3704 (Chemicon, raised
in rabbit) at a dilution of 1:1500. This step was followed by three 10 min rinses in 0.1M PB,
after which the sections were incubated in a secondary antibody solution for 2 h (room
temperature, 22-24°C). The secondary antibody solution contained a 1:1000 dilution of
biotinylated anti-rabbit IgG (BA-1000, Vector Labs) in 3% NGS and 2% BSA in 0.1M PB.
After three 10 min rinses in 0.1M PB, the sections were incubated for 1 h in AB solution
(Vector Labs) and again rinsed three times. The sections were then treated in a solution of
0.05% diaminobenzidine in 0.1M PB for 5 min, following which 3µl of 30% H2O2 was added
to the 1 ml of solution in which each section was immersed. Staining development was
monitored visually and checked under a low power stereomicroscope. Development was
allowed to continue until the immunopositive neurons became readily identifiable from the
background stain. Development was arrested by placing the sections in 0.1M PB, and then
rinsed twice more in the same solution. Sections were mounted on glass slides coated with
0.5% gelatine and left to dry overnight. They were then dehydrated in a graded series of
alcohols, cleared in xylene, and coverslipped with Depex. Two controls were employed in the
immunohistochemistry, including the omission of the primary antibody and the omission of
the secondary antibody in selected sections, which eliminated staining.
5.2.3 Quantitative analysis
The number of orexinergic (Orx+) positive cells was determined with stereological
techniques on a one in two series of sections through the complete hypothalamus in all 18
brains. All analyses were done blind to the rhythmicity status of the individual.  A Nikon
E600 microscope with three axis motorized stage, video camera, Neurolucida interface and
Stereo-Investigator software (MicroBrightfield Corp., Colchester, Vermont) was used for the
stereological counts. In an attempt to achieve the most accurate estimation of Orx+ neurons, a
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pilot study was first conducted in an individual of each species. The pilot study determined
the best counting frame size and grid size and these parameters were then used for all
individuals of each species investigated.  A 275 x 185 µm counting frame and a 300 x 400
µm sampling grid were employed in each individual. Only orexinergic neurons with clearly
visible nuclei were marked in the sampling grids. The ‘optical fractionator probe’ function of
the software computationally determined the total number of Orx+ cell in the hypothalamus
of each individual using the following formula:
N = Q / (SSF x ASF X TSF)
Where: N – was the total estimated neuronal number, Q – was the number of neurons
counted, SSF – was the section sampling fraction (in the current study this was 0.5), ASF – is
the area sub fraction (this was the ratio of the size of the counting frame to the size of the
sampling grid), and TSF – was the thickness sub fraction (this was the ratio of the dissector
height relative to 50 µm).
 A function in the stereology programme called the “nucleator probe” facilitated the
estimation of the mean cross-sectional area, volume and length of the orexinergic positive
cells. Only neurons with a distinct nucleus were chosen for analysis. The “nucleator probe”
was employed in conjunction with the optical fractionator and stereology procedures for
systematic random sampling to identify cells (Gunderson, 1988).
5.2.4 Statistical analysis
In addition the quantitative values generated using stereological techniques; data for
body mass (Mb), brain mass (Mbr) and encephalisation quotient (EQ) were compiled for
analysis. EQ in each individual was determined using the formula (from Manger, 2006):
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EQ = Mbr / (0.069 Mb0.718)
Comparisons were conducted between species (CHP vs FA, CHP vs FD and FA vs FD) and
within species (CHP rhythmic vs CHP arrhythmic, FA rhythmic vs FA arrhythmic, and FD
rhythmic vs FD arrhythmic). These comparisons were made for Mb, Mbr, EQ, number of
Orx+ cell bodies (counts), estimated volume of an Orx+ cell body, estimated cross-sectional
area of an Orx+ cell body and estimated length of an Orx+ cell body. The values obtained for
the counts, volume, area and length of Orx+ cell bodies in each mole rat were divided by the
Mb of each individual and the Mbr of each individual thereby creating an index that corrected
for Mb and Mbr. These indices were statistically analysed between species and within species
for the counts, volume, area and length. The indices also facilitated comparisons between all
rhythmic individuals and all arrhythmic individuals. The Kruskal-Wallis test(PAST,
PAleontological Statistics, version 2.02; Hammer et al., 2001) was used for the
aforementioned comparisons and statistically significant differences were noted when
p<0.05.When using the PAST Kruskal-Wallis test, an automated Mann-Whitney U p-value,
adjusted using Bonferroni correction factor, is generated  and henceforth statistically
significant differences were noted when p<0.05. In the text that follows, statistically
significant differences have only been noted for the Mann-Whitney U test using the
Bonferroni correction factor. To determine the root of the statistically significant differences,
univariate analyses (PAST) were performed and the groups with the higher means were
noted. Furthermore weighted means were calculated for body mass, brain mass, EQ,
estimated cell counts, estimated cell volume, estimated cell area and estimated cell length. To
calculate a weighted mean, the total of a parameter was divided by the number of individuals
constituting that parameter e.g. to calculate the weighted mean for the estimated cell counts
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of the rhythmic chronotype of Cryptomys hottentotus pretoriae, the individual rhythmic cell
counts of this species (i.e. 4875, 12344 and 9922) were totalled to give 27141. This total was
then divided by the total number of individuals (i.e. three) to give a weighted mean of 9047.
This formula was applied in all instances were weighted means were calculated.
5.3 Results
In all three species of mole rat, orexinergic immunopositive (Orx+) cell bodies were
located within the hypothalamus, as previously reported in all mammals studied to date,
including mole rats (Bhagwandin et al., 2011). Stereological counts of Orx+ cell bodies were
found to be statistically significantly different only between the distinct circadian
chronotypes of Ansel’s mole rat (Fukomys anselli) and between all rhythmic and arrhythmic
individuals of the current study when the counts of Orx+ cell bodies were corrected for body
mass (Mb). Estimation of cell volume, cross-sectional area and length showed statistically
significant differences between species without correction for Mb and brain mass (Mbr) and
statistically significant differences between species when these variables were corrected for
Mb and Mbr though no statistically significant differences were reached for these parameters
within species when similar comparisons were made.
5.3.1 Orexinergic cell body distribution
All three species of mole rat expressed Orx+ neurons only within the hypothalamus
and were observed as sharing common neuronal locality within the lateral hypothalamic area
(LHA), perifornical region (PFR) and the lateral ventral hypothalamic supraoptic area
(LVHA), similar to those reported in two other species of mole rat (Bhagwandin et al., 2011).
Thus, there appears to be three distinct clusters of Orx+ neurons in the hypothalamus of the
mole rats studied, a large homogeneous cluster spanning the lateral and perifornical regions
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(the main cluster), a distinct cluster extending into the region of the zona incerta (the zona
incerta cluster), and a final cluster in the ventral lateral hypothalamus adjacent to the
diminutive optic tracts (the optic tract cluster). The mole rats, from both chronotypes and all
three species, exhibited neuronal cell bodies that were morphologically homogenous in all
three clusters, that were ovoid in shape, a varying mixture of bi- and multi- polar types and
that showed no specific dendritic orientation (Figs. 5.2, 5.3).
5.3.2 Comparisons of body mass (Mb), brain mass (Mbr) and encephalisation quotient
(EQ)
Mean Mb in C. hottentotus pretoriae was 132.8 g for the rhythmic group and 123 g for
the arrhythmic group.  F. anselli had a mean Mb of 90.6 g for the rhythmic group and 78.5 g
for the arrhythmic group (Table 5.1).  F. damarensis had a mean Mb measurement of 121.5 g
for the rhythmic group and 93.7 g for the arrhythmic group. Mb comparisons between species
were only statistically significant (p-value: 0.008) between C. hottentotus pretoriae and F.
anselli where it was observed that C. hottentotus pretoriae had a higher mean Mb. When Mb
was compared between all rhythmic and all arrhythmic individuals, no statistically significant
differences were observed though univariate analysis of this data did reveal a higher mean in
the rhythmic chronotypes compared to the arrhythmic chronotype.
Mean Mbr in C. hottentotus pretoriae measured 1.4 g for the rhythmic group and 1.5 g
for the arrhythmic group.  F. anselli had a mean Mbr measurement of 1.2 g for the rhythmic
group and 1.2 g for the arrhythmic group. F. damarensis had a mean Mbr measurement of 1.8
g for the rhythmic group and 1.8 g for the arrhythmic group (Table 5.1). Statistically
significant differences were noted between the C. hottentotus pretoriae and F. anselli (where
the C. hottentotus pretoriae had a higher mean Mbr, p-value: 0.004) and F. anselli and F.
damarensis (where F. damarensis had a higher mean Mbr, p-value: 0.004).
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Mean EQ in C. hottentotus pretoriae was calculated as 0.67 for the rhythmic group
and 0.70 for the arrhythmic group. F. anselli had a mean EQ calculation of 0.67 for the
rhythmic group and 0.77 for the arrhythmic group. F. damarensis had a mean EQ calculation
of 0.83 for the rhythmic group and 1 for the arrhythmic group (Table 5.1). Statistically
significant differences were obtained when F. damarensis was compared to C. hottentotus
pretoriae (where F. damarensis had a higher mean EQ, p-value: 0.02) and when F.
damarensis was compared to F. anselli (where the F. damarensis showed a higher mean EQ,
p-value: 0.02) (Table 5.2).
5.3.3 Stereological counts of Orx+ cell bodies
Stereological counts of Orx+ cell bodies in the C. hottentotus pretoriae revealed a
mean of 9047 for the rhythmic group and 11547 for the arrhythmic group. Counts from F.
anselli revealed a mean of 5785 for the rhythmic group and 9299 for the arrhythymic group.
F. damarensis revealed a mean of 9850 for the rhythmic group and 9274 for the arrhythmic
group (Fig. 5.4) (Table 5.1).
Comparisons of Orx+ cell body counts between rhythmic and arrhythmic groups in
each species revealed a statistically significant difference only between the circadian
chronotypes of F. anselli (where the mean number of Orx+ neurons in the hypothalamus of
the arrhythmic group was higher than the rhythmic group, p-value: 0.009). Even though
statistical significance was not reached in the other two species investigated, the mean
number of Orx+ neurons in the hypothalamus of C. hottentotus pretoriae was higher for the
arrhythmic group than the rhythmic group. For F. damarensis stereological counts of Orx+
cell bodies yielded similar totals for both the rhythmic and arrhythmic groups. When the
counts of Orx+ cell bodies were corrected for Mb and Mbr, statistically significant differences
were noted only between the circadian chronotypes of F. anselli. In both cases the arrhythmic
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groups had a higher mean numbers of Orx+ neurons in the hypothalamus than the rhythmic
groups (p-value: 0.003). Additionally, when all rhythmic individuals of all species studied
here were compared to all arrhythmic individuals, a statistically significant difference was
only reached in counts that had been corrected for Mb (where the arrhythmic group had a
higher mean number of Orx+ neurons in the hypothalamus than the rhythmic group, p-value:
0.03) (Table 5.2).
5.3.4 Stereological estimation of volume, area and length of Orx+ cell bodies
Stereological estimation of the volume of an Orx+ cell body in C. hottentotus
pretoriae presented a weighted mean of 2068 µm3 for the rhythmic group and 2281.2 µm3 for
the arrhythmic group. F. anselli presented a weighted mean of 3228.6 µm3 for the rhythmic
group and 3337.3 µm3 for the arrhythmic group. F. damarensis presented a weighted mean of
2429.5 µm3 for the rhythmic group and 2163.2 µm3 for the arrhythmic group (Fig. 5.4)
(Table 5.1). Statistically significant differences were noted: (1) between species (where F.
anselli showed a higher mean volume of an Orx+ cell body than the other two species, p-
value: 0.0005); (2) when volume was corrected for Mb between species (where F. anselli had
a higher mean volume of an Orx+ cell body than C. hottentotus pretoriae, p-value: 0.0008),
and where F. anselli had a higher mean volume of an Orx+ cell body F. damarensis, p-value:
0.008); and (3) when volume was corrected for Mbr between species (where F. anselli had a
higher mean volume of an Orx+ cell body than the other two species, p-value: 0.005, and
where C. hottentotus pretoriae had a higher mean volume of an Orx+ cell body than F.
damarensis, p-value: 0.03) (Table 5.2).
Stereological estimation of the cross-sectional area of an Orx+ cell body in the C.
hottentotus pretoriae revealed a weighted mean of 180.9 µm2 for the rhythmic group and
193.3 µm2 for the arrhythmic group. F. anselli revealed a weighted mean of 247.7 µm2 for
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the rhythmic group and 250.7 µm2 for the arrhythmic group. F. damarensis revealed a
weighted mean of 202.4 µm2 for the rhythmic group and 189.3 µm2 for the arrhythmic group
(Fig.5.4) (Table 5.1). Statistically significant differences were noted: (1) between species
(where F. anselli showed a higher cross-sectional area of an Orx+ cell body than the other
two species, p-value: 0.005); (2) when cross-sectional area was corrected for Mb between
species (where F. anselli had a  higher cross-sectional area of an Orx+ cell body than C.
hottentotus pretoriae, p-value: 0.005, and where F. anselli had a  higher cross-sectional area
of an Orx+ cell body than F. damarensis, p-value: 0.01); and (3) when area was corrected for
Mbr between species (where F. anselli had a higher cross-sectional area of an Orx+ cell body
than the other two species, p-value: 0.005, and where C. hottentotus pretoriae had a higher
cross-sectional area of an Orx+ cell body than F. damarensis, p-value: 0.03) (Table 5.2).
Stereological estimation of the length of an Orx+ cell body in C. hottentotus pretoriae
revealed a weighted mean of 7.3 µm for the rhythmic group and 7.5 µm for the arrhythmic
group. F. anselli revealed a weighted mean of 8.6 µm for both rhythmic and arrhythmic
groups. F. damarensis revealed a weighted mean of 7.8 µm for the rhythmic group and 7.5
µm for the arrhythmic group (Fig. 5.4) (Table 5.1). Statistically significant differences were
noted: (1) between species (where F. anselli showed a longer length of an Orx+ cell body
than the other two species p-value: 0.005); (2) when length was corrected for Mb between
species (where F. anselli had a longer length of an Orx+ cell body than C. hottentotus
pretoriae, p-value: 0.005); and (3) when volume was corrected for Mbr between species
(where F. anselli had longer length of an Orx+ cell body than the other two species, p-value:
0.005, and where C. hottentotus pretoriae had a longer length of an Orx+ cell body F.
damarensis, p-value: 0.03) (Table 5.2).
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Figure 5.1: Actigrams illustrating circadian patterns of locomotor activity in rhythmic
and arrhythmic individuals from C. hottentotus pretoriae, F. anselli and F. damarensis.
These actigrams indicate that the rhythmic mole rats have a predictable period of activity
during the light period whereas locomotor activity in the arrhythmic animals is irregular.
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Figure 5.2: Photomicrographs showing the orexin-A immunoreactive neurons within the
hypothalamus of rhythmic and arrhythmic chronotypes of C. hottentotus pretoriae (A, B),
F. anselli (C, D) and F. damarensis (E, F). Scale = 1 mm and applies to all.
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Figure 5.3: High power photomicrographs showing the morphology of orexin-A
immunoreactive neurons within the hypothalamus of rhythmic and arrhythmic
chronotypes of C. hottentotus pretoriae (A, B), F. anselli (C, D) and F. damarensis (E,
F). Scale = 100 µm and applies to all.
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Figure 5.4: Graphs showing the various parameters of stereological data for arrhythmic
and arrhythmic individuals (grey bars) of C. hottentotus pretoriae, F. anselli and F.
damarensis and the respective weighted means (black bars). The graphs indicate average
estimated values for somal number, volume, area and length.
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Table 5.1: Table presenting data for rhythmic and arrhythmic individuals of C. hottentotus
pretoriae, F. anselli and F. damarensis and the respective weighted means for: Mb, Mbr, EQ,
estimated cell counts, average estimated volume, average estimated cell area, and average
estimated cell length.
Animal
ID Sex
Circadian
Chronotype
Body
mass (g)
Brain
mass (g) EQ
Estimated
Cell
Counts
Average
Estimated
Cell
Volume
(µm3)
Average
Estimated
Cell Area
(µm2)
Average
Estimated Cell
Length (µm)
Cryptomys hottentotus pretoriae
CHP2 F R 174.5 1.6 0.6 4875 1701.4 163.2 6.9
CHP8 F R 126.1 1.3 0.6 12344 2438.3 198.9 7.6
CHP12 M R 97.9 1.4 0.8 9922 1936.5 174.4 7.2
Mean/
Weighted
mean R
132.8 1.4 0.6 9047 2068.0 180.9 7.3
CHP1 M AR 110.4 1.4 0.7 11794 2441.3 203.9 7.8
CHP3 M AR 157.8 1.4 0.5 12753 2520.2 204.1 7.7
CHP7 M AR 100.7 1.7 0.9 10095 1797.2 167.8 7.1
Mean/
Weighted
mean AR
123.0 1.5 0.7 11547 2281.2 193.3 7.5
Fukomys anselli
FA2 M R 95.9 1.2 0.7 5693 2837.0 225.3 7.9
FA3 M R 86.3 1.1 0.6 5944 2875.9 223.6 8.1
FA7 M R 89.6 1.2 0.7 5719 3407.7 259.6 8.8
Mean/
Weighted
mean R
90.6 1.2 0.7 5786 3228.6 247.7 8.6
FA4 M AR 69.3 1.2 0.8 8242 3036.8 238.6 8.4
FA5 M AR 100.1 1.1 0.6 10686 3233.0 243.7 8.5
FA6 M AR 66.0 1.2 0.9 8969 3792.3 271.9 9.0
Mean/
Weighted
mean AR
78.5 1.2 0.8 9299 3337.3 250.7 8.6
Fukomys damarensis
FD4 M R 76.9 1.6 1.0 8803 2428.4 204.8 7.8
FD6 M R 149.2 1.8 0.7 8024 2318.9 191.1 7.5
FD7 M R 139.7 2.0 0.8 12723 2524.6 209.7 7.9
Mean/
Weighted
mean R
121.9 1.8 0.9 9850 2429.5 202.4 7.8
FD1 M AR 102.2 1.9 1.0 11704 2289.6 198.3 7.7
FD8 F AR 104.4 1.9 1.0 9638 1988.0 180.3 7.4
FD13 M AR 74.5 1.7 1.0 6482 2211.6 188.8 7.4
Mean/
Weighted
mean AR
93.7 1.8 1.0 9275 2163.2 189.3 7.5
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Table 5.2: Table showing results of statistical comparisons between various data sets. (*)
denotes statistical significance (using post hoc Mann-Whitney U test with Bonferroni
correction factor where p<0.05) and letters in subscript indicate the species or chronotype of
mole rat where the higher mean was observed. CHP = C. hottentotus pretoriae, FA = F.
anselli, FD = F. damarensis, and AR = arrhythmic.   
Between species
Body
Mass
Brain
Mass
EQ Counts Volume Area Length
CHP vs..
FA
*CHP *CHP - - *FA *FA *FA
CHP vs..
FD
- - *FD - - - -
FA vs..
FD
- *FD *FD - *FA *FA -
Within Species
CHP R vs..
NR
- - - - - - -
FA R vs..
NR
- - - *AR - - -
FD R vs..
NR
- - - - - - -
Between Species Corrected for Body Mass
Counts Volume Area Length
CHP vs.. FA - *FA *FA *FA
CHP vs.. FD - - - -
FA vs.. FD - *FA *FA -
Within species Corrected for Body Mass
CHP R vs. NR - - - -
FA R vs. NR *AR - - -
FD R vs. NR - - - -
Between species corrected for Brain Mass
Counts Volume Area Length
CHP vs. FA - *FA *FA *FA
CHP vs. FD - *CHP *CHP *CHP
FA vs. FD - *FA *FA *FA
Within species corrected for Brain Mass
CHP R vs. NR - - - -
FA R vs. NR *AR - - -
FD R vs. NR - - - -
All R vs. NR Corrected for Body Mass
EQ Counts Volume Area Length
All R vs. NR - *AR - - -
All R vs. NR corrected for Brain Mass
EQ Counts Volume Area Length
All R vs. NR - - - - -
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5.4 Discussion
It is well known that orexins are involved in the maintenance of the waking state,
and it has been demonstrated that increased orexinergic activity is associated with motor
activities (Estabrooke et al., 2001; Mileykovskiy et al., 2005; Lee et al., 2005; Saper et
al., 2005). It has been shown that the decreased number of hypothalamic orexin neurons
in narcoleptic individuals produced excessive sleepiness (Siegel, 1999; Siegel, 2004;
Baumann and Bassetti, 2005; Thannickal et al., 2009). In the previous chapter it was
observed that the arrhythmic chronotype spent more time awake and less time in slow
wave sleep (SWS) compared to the rhythmic chronotype. Therefore the initial aim of the
current study was to determine whether rhythmic and arrhythmic chronotypes had
different numbers of hypothalamic orexin immunopositive neurons with the hypothesis of
elevated hypothalamic orexinergic neurons in the arrhythmic chronotypes as a result of
the involvement of orexins in the sleep-wake cycle. The results of the current study
indicated statistically significant differences between the circadian chronotypes of F.
anselli, where the arrhythmic group had higher mean numbers of hypothalamic orexin
neurons compared to the rhythmic group. These differences were observed when the raw
data was compared and when the raw data was corrected for Mb and Mbr. C. hottentotus
pretoriae showed tendencies toward the hypothesis though the data was not significantly
different. F. damarensis showed data that was opposite to the hypothesis though this data
was not significantly different. A statistically significant difference was noted between all
rhythmic and arrhythmic individuals of the current study when the counts of orexin
neurons were corrected for Mb.
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5.4.1 Orexins, sleep-wake cycle and circadian rhythmicity
The results of the present study indicated statistically significant differences
between circadian chronotypes of F. anselli for the counts of hypothalamic Orx+ neurons
when the raw data was compared. In this case the arrhythmic chronotype consistently
displayed higher mean counts of hypothalamic Orx+ neurons than the rhythmic
chronotype. A similar tendency, though not statistically significantly, was observed when
the raw data was compared between the chronotypes of C. hottentotus pretoriae;
however, a similar  comparison between chronotypes of F. damarensis showed that the
mean count of Orx+ neurons in the rhythmic group was higher than the rhythmic group,
but statistical significance was not reached. The raw data analysis of two mole rat species
supports the hypothesis of elevated Orx+ neurons in the hypothalamus. Given the
previous suggestions for the role of orexins in the sleep-wake cycle (Siegel, 2004;
Baumann and Bassetti, 2005), the results of the current study indicate that the arrhythmic
chronotypes of F. anselli and C. hottentotus pretoriae would theoretically have an
enhanced maintenance of waking and a reduced amount of time spent in SWS relative to
the rhythmic chronotypes. The study of sleep in rhythmic and arrhythmic chronotypes of
a species of African mole rat (see previous chapter) has shown that the arrhythmic group
was statistically more awake and spent less time in SWS compared to the rhythmic
group. This supports the proposed hypothesis of the current study.
 It is known that the bifurcated ascending arousal system incorporates firstly, a
pathway to the thalamus which excites thalamic relay neurons that transmit information
to the cerebral cortex and secondly, a branch that bypasses the thalamus to activate
neurons in the lateral hypothalamic area, basal forebrain and cerebral cortex (Saper,
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1985; Hallanger et al., 1987; Saper et al., 2001, 2005; Jones, 2003). Orexinergic neurons,
neuroanatomically restricted to the hypothalamus, have ascending projections to the
cerebral cortex and descending projections to the cholinergic (basal forebrain, lateral
dorsal tegmental nucleus, pedunculopontine nucleus) and monaminergic (locus coeruleus,
ventral tegmentum area, raphe) nuclear groups of the arousal systems (Peyron et al.,
1998; Chemelli et al., 1999; Baumann and Bassetti, 2005; Bhagwandin et al., 2011). The
exact role of orexins in REM is unclear as some studies suggest increased orexinergic
activity during REM (Kilduff and Peyron, 2000) while others report the contrary (Hungs
and Mignot, 2001); however, a recent study has postulated that orexin neurons mediate
the circadian timing of REM by suppressing REM during the active period (Kantor et al.,
2009). In light of the results of the current study it would appear that the increased
numbers of hypothalamic orexinergic neurons observed within arrhythmic chronotypes,
through possible increased activity and the resulting effect on wakefulness and motor
activities, may facilitate a higher level of vigilance allowing for extended foraging and
feeding activity.
Baumann and Bassetti (2005) proposed that orexins are under control of the
suprachiasmatic nucleus (SCN) and that orexins do not significantly affect circadian
rhythmicity. Saper (2005) described a 3 stage circuitry integrator for circadian rhythms
that involve a pathway from the SCN to the subparaventricular zone (SPZ) and finally to
dorsomedial nucleus of the hypothalamus (DMH). The DMH communicates directly with
the lateral hypothalamic area, the region with the highest population of orexinergic
neurons, and the ventrolateral preoptic nucleus (VLPO), the area primarily concerned
with the promotion of SWS.  The rationale behind the 3 stage pathway lies in the
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observation that in both diurnal and nocturnal animals, the SCN is primarily active during
the light period and the VLPO during the dark period (Sherin et al., 1996; Gaus et al.,
2002). Therefore, in animals that are nocturnal vs diurnal, there should be an intervening
circuitry that allows the circadian cycle to be set at opposite phases (Saper, 2005). It is
well known that mole rats have unusual patterns of circadian rhythmicity (Oosthuizen et
al., 2003; Lovegrove and Muir, 1996; Lovegrove and Papenfus, 1995) and that mole rats
have different neuropeptide populations in the SCN compared to other rodents (Negroni,
2003). Therefore, the increased counts of Orx+ neurons in the hypothalamus in the
arrhythmic chronotypes of the current study may alter the circadian control of
wakefulness in these individuals.
5.4.2 Orexins and appetite regulation
The results of the present study indicated statistically significant differences
between circadian chronotypes of F. anselli when the raw data for counts of Orx+
neurons were corrected for Mb and Mbr, where the arrhythmic groups showed higher
mean counts than the rhythmic groups. This can be interpreted as the arrhythmic
chronotype having a higher number of Orx+ neurons per gram of Mb or Mbr compared to
the rhythmic chronotype. Since the initial demonstration of orexin induced hyperphagia
in rats (Sakurai et al., 1998), orexins have become synonymous with mechanisms of
appetite regulation and increased food intake that is driven by orexin involvement in
motivated behaviour (Rodgers et al., 2002). Cai et al. (2001) have reported activation of
the lateral hypothalamic orexin neurons in response to low blood glucose levels and an
empty stomach, signals that indicate replenishment, and concluded that this context-
177
dependency explains the effects associated with orexin activation – increased food intake
with delayed onset of satiety and increased wakefulness with vigilance and behavioural
activity. It is also known that orexins are involved in appetite regulation through
activation of the leptin sensitive neurons of the arcuate nucleus and its subsequent
feeding associated signalling to orexinergic neurons of the lateral hypothalamus (LH) and
henceforth interaction between LH and the hypothalamic ventro-medial nucleus (VMH)
(Stellar, 1954; Rodgers et al., 2002; Sakurai, 2003; Sakurai, 2005). Therefore it would
seem fair to infer that the elevated counts of hypothalamic in the arrhythmic chronotype
of F. anselli have greater drive for motivated behaviour and theoretically a higher food
intake compared to the rhythmic chronotype.
Interestingly though, the results of the present study showed a statistically
significant difference for the counts of Orx+ neurons that were corrected for Mb when all
rhythmic individuals were compared to all arrhythmic individuals from all three species
of mole rats examined. This indicated that the arrhythmic individuals have a higher
number of Orx+ neurons per gram of Mb. Given the effect of orexins on motivated
behaviour and food intake, this may be indicative of a higher body mass in the arrhythmic
individuals compared to the arrhythmic individuals. This was not the case as it was
observed in the present study that the mean body mass of the arrhythmic chronotype in
each species investigated was lower than that of the rhythmic chronotype. A possible
explanation for this could lie in the assessment of the impact of chronic administration of
orexin-A on food intake on rats (Haynes et al., 1999; Yamanaka et al., 1999). Both these
studies indicated an increased food intake during the light period and a compensatory
reduction of food intake during the dark period, and both agree that chronic
178
administration of orexin-A does not alter 24 h food intake or body mass gain. In addition,
Lubkin and Stricker-Krongrad (1998) postulated that orexins may increase overall
metabolic rate to support increased motor activity; however, Nicolaidis (2006) suggests
that overall metabolic rate be divided into resting metabolism and locomotion-related
metabolism and based on resting metabolism, a hypometabolic but physically active
animal has a higher (total) metabolism than a hypermetabolic animal that remains quiet.
This supports the mole rats of the current study as it has been previously reported that
subterranean mole rats have lower resting metabolic rates than surface dwelling
mammals (Bennett and Faulkes, 2000). It has been reported that increased body
temperature correlates with increased motor activity (Siegel, 2004) though this is difficult
to explain in the mole rats of the current study, while they are reported to have a lower
body temperature than surface dwelling mammals (Bennett and Faulkes, 2000) it is
unknown whether body temperature differences exist between different circadian
chronotypes. Furthermore, it has been suggested that sleep duration tracks the
metabolism of nutrients in a meal and the size of a meal, with the effect that a higher
nutritional content and larger meal size produces a longer sleep duration (Danguir and
Nicolaidis, 1980). Despite this, brain metabolism is conserved and independent from that
of the periphery, the ventromedial nucleus, dorsomedial nucleus and paraventricular
nucleus, metabolic strategic areas, are capable of reflecting metabolic changes resulting
from bodily depletion and repletion (Nicolaidis, 2006). Therefore, it may be possible that
a higher peripheral metabolism may result in a lower body mass despite the elevated
Orx+ neurons observed in the arrhythmic chronotype compared to the rhythmic
chronotype.
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Chapter 6 – The interrelations of the distribution and terminal
networks of sleep associated nuclei in the brain of an African species of
mole rat
6.1. Introduction
In order to further understand the sleep-wake cycle its neuroanatomical substrates
need to be investigated. There are several neuronal groups known to participate in the
control of the sleep-wake cycle and these have been grouped in two regions, the first
incorporates nuclei in the basal forebrain and hypothalamus and the second comprises
neuronal groups forming a cluster within the ponto-medullary junction of the brainstem
(Siegel, 2004; Lyamin et al., 2008).
It is known that the cholinergic, catecholaminergic, serotonergic, orexinergic and
histaminergic systems are involved with the control of sleep-wake states (Siegel, 2004;
McGinty and Szymisiak, 2005; Lyamin et al., 2008). The neurons forming the
cholinergic nuclei of the basal forebrain and hypothalamus have been identified as the
main telencephalic arousal system, while the cholinergic neurons of the pons are active
during wake and REM sleep (Siegel, 2000) and are responsible for the desynchronised
EEG during waking and REM sleep by inhibiting discharge of thalamic mechanisms
responsible for slow waves (McCormick, 1989; Steriade et al., 1990; Steriade et al.,
1993). Noradrenergic neurons of the locus coeruleus complex, located in the dorsolateral
pontine region, have been associated with the regulation of muscle tone and motor
activity (Siegel et al., 1992; Wu et al., 1999). The serotonergic neurons forming the
nuclei of the rostral serotonergic cluster (Bjarkam et al., 1997) send projections to the
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telencephalon and may have a role in maintaining arousal and regulating muscle tone, as
well as regulating some of the phasic events of REM sleep (Tork, 1990; Wu et al., 1999;
Wu et al., 2004; John et al., 2004; Lyamin et al., 2008). Orexinergic neurons of the
hypothalamus are located between the sleep-active neurons of the anterior hypothalamus
and the wake-active neurons of the posterior hypothalamus (Gerashchenko and
Shiromani, 2004). These orexinergic neurons are associated with motor activities and
maintenance of waking through strong projections upon other arousal systems (Siegel,
2004; Gerashchenko and Shiromani, 2004). Histaminergic neurons located in the
posterior hypothalamus are strongly associated with the modulation of wakefulness and
their inactivity appears to be tightly linked to sleepiness (Saper et al., 2001; Siegel, 2004).
While all these neuronal types act through modulation or excitation, many aspects
of the regulation of sleep-wake cycles involve inhibitory mechanisms (Siegel, 2004). _-
aminobutyric acid (GABA) is the most common inhibitory neurotransmitter in the brain,
and it has been reported that GABAergic neurons are maximally active during slow wave
sleep (SWS) and minimally active during waking and REM sleep (Syzmusiak, 1995;
Syzmusiak et al., 2001; Siegel, 2004). GABAergic neurons in the basal forebrain and
anterior hypothalamus inhibit cholinergic neurons of the basal forebrain and
histaminergic neurons of the posterior hypothalamus (Lyamin et al., 2008), while
GABAergic neurons located in the tegmentum of the midbrain and dorsal pons are
known to inhibit serotonergic and noradrenergic neurons (Nitz and Siegel, 1997a,b). The
median preoptic nucleus (MnPN) contributes to the descending projections of the
preoptic area (POA) and distributes terminals in the region of the perifornical lateral
hypothalamic (pLH) orexinergic neurons (Gong et al., 2002), but the MnPN has a high
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density of GABAergic neurons with the effect that stimulation of the MnPN produces
inhibition of the pLH wake active neurons (McGinty et al., 2004). Therefore, GABAergic
neurons are crucial in promoting sleep by inhibiting the cholinergic, catecholaminergic,
serotonergic and histaminergic neuronal populations involved in wakefulness and arousal
(Siegel, 2004).
In the present study brains of the giant Zambian mole rat (Cryptomys mechowi)
were immunohistochemically examined for choline acetyltransferase (ChAT), tyrosine
hydroxylase (TH), serotonin (5HT), orexin (Orx), histamine and the calcium binding
proteins calbindin (CB), calretonin (CR) and parvalbumin (PV). The mole rats of the
current study have a reduced visual system, live a subterranean lifestyle and have unusual
patterns of circadian rhythmicity (Lovegrove and Papenfus, 1995; Lovegrove and Muir,
1996; Oelschlager et al., 2000; Cernuda-Cernuda et al., 2003; Negroni et al., 2003;
Oosthuizen et al., 2003; Gutjahr et al., 2004; Nemec et al., 2004). Brains from circadian
distinct rhythmic and arrhythmic individuals were examined (see Chapter 4). The unusual
circadian patterns of individuals within this species provides an interesting model to
examine whether neuronal organisation and terminal networks related to the sleep-wake
cycle differs between circadian chronotypes.
6.2. Materials and Methods
In the current study the brains of six adult male giant Zambian mole rats
(Cryptomys mechowi) (average body mass: 278 g; average brain mass: 2.2 g) were used.
The animals were obtained directly after the termination of sleep recording (see chapter
4). This species of mole rat displays a seasonal breeding pattern. All animals were treated
182
and used according to the guidelines of the University of the Witwatersrand Animal
Ethics Committee, which parallel those of the NIH for the care and use of animals in
scientific experimentation.
The mole-rats were placed under deep barbiturate anaesthesia (Euthanaze, 200mg
sodium pentobarbital/kg, i.p.), and then perfused intracardially upon cessation of
respiration. The perfusion was initially done with a rinse of 0.9% saline solution at 4°C,
followed by a solution of 4% paraformaldehyde in 0.1M phosphate buffer (PB, pH: 7.4)
(approximately 1 l for each kilogram of body mass of each solution). Brains were then
removed from the skull and post-fixed overnight (24 h) in 4% paraformaldehyde in 0.1M
PB, and then allowed to equilibrate in 30% sucrose in 0.1 M PB. The brains were then
frozen and sectioned into serial coronal sections of 50µm thickness. A one in ten series of
stains was made for Nissl, myelin, choline-acetyltransferase (ChAT), tyrosine
hydroxylase (TH), and serotonin (5HT), orexin (Orx), calbindin (CB), calretonin (CR),
parvalbumin (PV) and histamine (Hst). Sections kept for the Nissl series were mounted
on 0.5% gelatine coated glass slides, cleared in a solution of 1:1 chloroform and absolute
alcohol, then stained with 1% cresyl violet to reveal cell bodies. Myelin sections were
stored in 5% formalin for a period of two weeks and were then mounted on 1% gelatine
coated glass slides and subsequently stained with a modified silver solution to reveal
myelin sheaths (Gallyas, 1979).
For immunohistochemical staining the sections were first treated for 30 min with
an endogenous peroxidase inhibitor (49.2% methanol: 49.2% of 0.1PB: 1.6% of 30%
H2O2) followed by three 10 min rinses in 0.1M PB. This was followed by a 2 h pre-
incubation, at room temperature, in a solution (blocking buffer) containing 3% normal
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goat serum (NGS) for tyrosine hydroxylase, serotonin, orexin, calbindin, calretonin,
parvalbumin and histamine  but 3% normal rabbit serum (NRS) for ChAT sections, 2%
bovine serum albumin (BSA, Sigma), and 0.25% Triton X-100 (Merck) in 0.1M PB. The
sections were then placed in a primary antibody solution containing the appropriately
diluted antibody in blocking buffer (as described above) for 48 h at 4°C under gentle
agitation. To reveal cholinergic neurons we used anti-cholineacetyltransferase (AB144P,
Chemicon, raised in goat) at a dilution of 1:3000. To reveal catecholaminergic neurons
we used anti-tyrosine hydroxylase (TH) (AB151, Chemicon, raised in rabbit) at a dilution
of 1:10000. To reveal serotonergic neurons we used anti-serotonin (AB938, Chemicon,
raised in rabbit) at a dilution of 1:10000. To reveal orexinergic neurons we used anti-
orexin-A (AB 3704, Chemicon, raised in rabbit) at a dilution of 1:3000. To reveal
GABAergic calbindin neurons we used anti-calbindin (CB38a, Swant, raised in rabbit) at
a dilution of 1:25000.To reveal GABAergic calretinin neurons we used anti-calretinin
(7699/3H, Swant, raised in rabbit) at a dilution of 1:25000. To reveal GABAergic
parvalbumin neurons we used anti-parvalbumin (PV28, Swant, raised in rabbit) at a
dilution of 1:25000. To reveal histaminergic neurons we used anti-histamine (AB5508,
Chemicon, raised in rabbit) at a dilution of 1:4000. This step was followed by three 10
min rinses in 0.1M PB, after which the sections were incubated in a secondary antibody
for 2 h (room temperature, 22-24°C). The secondary antibody solution contained a
1:1000 dilution of biotinylated anti-rabbit IgG (BA-1000, Vector Labs) in 3% NGS (or
anti-goat IgG, BA-5000 in 3% NRS for the ChAT sections), and 2% BSA in 0.1M PB.
After three 10 min rinses in 0.1M PB, the sections were incubated for 1 h in AB solution
(Vector Labs), and again rinsed. The sections were then treated in a solution of 0.05%
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diaminobenzidine (DAB) in 0.1M PB for 5 min, following which 3µl of 30% H2O2 was
added to each 1 ml of solution in which each section was immersed. Staining
development was monitored visually and checked under a low power stereomicroscope
until the background staining was at a level at which it could assist reconstruction without
obscuring the immunopositive neuronal structures. Development was then arrested by
placing the sections in 0.1M PB, and then rinsed twice more in the same solution.
Sections were mounted on glass slides coated with 0.5% gelatine and left to dry
overnight. They were then dehydrated in a graded series of alcohols, cleared in xylene,
and coverslipped with Depex. Two controls were employed in the
immunohistochemistry, including the omission of the primary antibody, and omission of
the secondary antibody in selected sections from which no staining was evident.
The sections were viewed with a low power stereomicroscope, and the
architectonic borders of the sections traced according to the Nissl and myelin stained
sections using a camera lucida. The immuno-stained sections were then matched to the
drawings and the immuno-positive neurons marked for ChAT, TH, 5HT, Orx and Hst and
the terminal networks marked for 5HT, Orx and Hst. The immuno-positive GABA-ergic
(parvalbumin, calbindin and calretonin) interneurons and the distribution of their terminal
networks, due to their very high number, were only noted when found in close proximity
to neuronal groups of the cholinergic, catecholaminergic, serotonergic, orexineric and
histaminergic systems. The drawings were then scanned and redrawn using the Canvas 8
drawing program. The nomenclature used for the cholinergic, catecholaminergic,
serotonergic and orexinergic systems was taken from Bhagwandin et al. (2008, 2011; see
Chapters 2 and 3) as previously described for mole rats. The remaining descriptions of
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cellular and terminal network locations were based on neuroanatomical landmarks
determined with Nissl and myelin staining.
6.3 Results
In the present study a range of immunohistochemical stains were conducted on
serially sectioned brains of rhythmic and arrhythmic chronotypes of the giant Zambian
mole rats (Cryptomys mechowi). The aim was to outline as much as possible of the
known nuclei and projections of the sleep-wake system in each chronotype and then
compare between chronotypes. In the current study the cholinergic, catecholaminergic,
serotonergic, orexinergic and histaminergic systems as well as the interneurons
containing the calcium binding proteins calbindin, calretonin and parvalbumin, associated
with the GABAergic interneurons of the basal forebrain, diencephalon and pons were
visualised using immunohistochemical techniques. Our analysis of these systems
indicated both global and specific similarity in terms of nuclear organisation, neuronal
morphology and terminal networks in the vast majority of instances, thus the following
description applies to both chronotypes unless otherwise specified. Furthermore, the
cohort of nuclei described in the present study for both circadian chronotypes does not
differ from observations previously provided for these systems in other mole rats (Da
Silva et al., 2006; Bhagwandin et al., 2008, 2011) and other rodent species (Moon et al.,
2007; Dwarika et al., 2008., Limacher et al., 2008). The two differences of significance
found between the chronotypes in the current study were that the orexinergic terminal
networks were more strongly expressed within the intergeniculate leaflet and the arcuate
nucleus of the rhythmic chronotype.
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6.3.1 Cholinergic nuclei
The cholinergic system of mammals is often divided into striatal, basal forebrain,
diencephalic, pontomesencephalic and motor cranial nerve nuclei (Woolf, 1991; Manger
et al., 2002a; Maseko et al., 2007). Both circadian chronotypes of mole rat investigated
showed no specific differences to this general mammalian organisational plan. In the
present study choline acetyltransferase immunopositive (ChAT+) neurons associated with
the sleep-wake cycle were identified within the basal forebrain, hypothalamus and
pontine region and included: (1) the medial septal nucleus, diagonal band of Broca,
islands of Calleja and olfactory tubercle, and nucleus basalis of the basal forebrain (Figs.
6.1A-E, 6.2A, 6.3A, 6.4 and 6.5); (2) the dorsal, lateral and ventral hypothalamic nuclei
of the hypothalamus (Figs. 6.1E-J); and (3) the parabigeminal (PBg), pedunculo-pontine
tegmental (PPT) and laterodorsal tegemental (LDT) nuclei of the pontine region (Figs.
6.1N-R, 6.8A). The locations and morphology of the cholinergic nuclei and neurons were
identical to those previously described in other mole rat species (Bhagwandin et al.,
2008). Interestingly ChAT+ neurons, possibly representing GABAergic interneurons,
were observed within the periaqueductal grey adjacent to the catecholaminergic A10dc
nucleus and dorsal to the cerebral aqueduct; within the superior colliculus; and within the
lateral superior olive (LSO). Similar ChAT+ immunoreactive neruons have been reported
in other parts of the brain of other rodents and mammals (Bhagwandin et al., 2006;
Gravett et al., 2009; Pieters et al., 2010).
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6.3.2 Catecholaminergic nuclei
Tyrosine hydroxylase immunoreactive neurons (TH+) form a number of distinct
regional clusters and the locations of TH+ nuclear complexes and nuclei of both
chronotypes of mole rat investigated in the current study were identical to those seen in
other mole rats (Bhagwandin et al., 2008). For simplicity, the nuclei are referred to using
the nomenclature of Dahlstrom and Fuxe (1964) and Hokfelt et al. (1984). No
catecholaminergic nuclei outside the bounds of the classically defined nuclei (Smeets and
Gonzalez, 2000) were identified. In the present study, TH+ nuclear complexes and nuclei
associated with the sleep-wake cycle were identified within the hypothalamus and
pontine region. The hypothalamic nuclei comprised six clusters of TH+ neurons, forming
distinct nuclei, namely: the anterior hypothalamic group, dorsal division (A15d); the
anterior hypothalamic group, ventral division (A15v); the rostral periventricular cell
group (A14); the zona incerta (A13); the tuberal cell group (A12); and the caudal
diencephalic group (A11) (Figs. 6.1D-K, 6.3C, 6.6A). In the pons, TH+ neurons were
observed within the locus coeruleus complex and were readily subdivided into three
distinct nuclei, these being: the subcoeruleus compact portion (A7sc), subcoeruleus
diffuse portion (A7d), locus coeruleus diffuse portion (A6d) (Figs. 6.1Q-S, 6.2E, 6.9A).
The locations and morphology of TH+ neurons and nuclei were identical to those
described in other mole rats (Bhagwandin et al., 2008).
6.3.3 Serotonergic nuclei
Serotonergic nuclei located within the brainstem can readily be divided into a
rostral and a caudal cluster. The serotonergic (5HT+) nuclei identified in both circadian
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chronotypes of mole rat in the current study were identical to those previously described
in other mole rats and eutherian mammals studied to date (Maseko et al., 2007;
Bhagwandin et al., 2008; Dell et al., 2010). In the present study, 5HT+ nuclear complexes
and nuclei associated with the sleep-wake cycle were observed within the rostral cluster.
These were identified as being: the caudal linear (CLi) nucleus; the supralemniscal (B9)
nucleus; the median raphe (MnR) nucleus; and the dorsal raphe (DR) nuclear complex
(Figs. 6.1M-S). The DR nuclear complex was comprised of six distinct nuclei: the dorsal
raphe interfascicular (DRif) nucleus, dorsal raphe ventral (DRv) nucleus, dorsal raphe
dorsal (DRd) nucleus, dorsal raphe lateral (DRl) nucleus, dorsal raphe peripheral (DRp)
nucleus and the dorsal raphe caudal (DRc) nucleus (Figs. 6.1M-R, 6.3E, 6.4E, 6.7A). The
morphology and locations of 5HT+ neurons and nuclei were identical to those reported in
other mole rats (Bhagwandin et al., 2008).
6.3.4 Orexinergic nuclei
In both circadian chronotypes of mole rat examined, immunohisochemically
identifiable, morphologically homogenous, orexinergic (Orx+) neurons were limited to
the hypothalamus as previously reported in other mole rat species (Bhagwandin et al.,
2011). In the present study, Orx+ neurons were observed in three clusters within the
hypothalamus. These clusters were identified as being: main cluster (Mc) encompassing
the orexinergic neurons of the lateral hypothalamic area (LHA) and the perifornical
region (PFR); the zona incerta cluster (ZIc) formed from neurons extending from the
main cluster into the hypothalamic region adjacent to the zona incerta; and the optic tract
cluster (OTc) encompassing neurons found in the lateral ventral hypothalamic supraoptic
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area (LVHA) (Figs. 6.1D-I, 6.2C, 6.4C). No Orx+ neurons could be identified in the
anterior hypothalamic paraventricular subnucleus in either circadian chronotype of mole
rat as sometimes observed in other rodents (Nixon and Smale, 2007). The morphology
and locations of Orx+ neurons and nuclei were identical to those reported in other mole
rat species (Bhagwandin et al., 2011).
6.3.5 Terminal Networks
The serotonergic (5HT+), orexinergic (Orx+) and histaminergic (Hst+) terminal
networks are described in relation to the cholinergic, catecholaminergic, serotonergic,
orexinergic and histaminergic nuclei. While it is clear that these systems project far more
widely throughout the brain (e.g. Inagaki et al., 1988; Leger et al., 2001; Nixon and
Smale, 2007) the description was limited to the nuclei involved in the sleep-wake cycle to
allow us to determine how each of these systems may affect the activity of the other
systems.
6.3.5.1 Serotonergic terminal networks
Within the basal forebrain there was only one region of high-density 5HT+
terminal networks, this being within the lateral septal nucleus. The terminal networks in
this region of high-density formed cellular basket endings around specific neurons (Fig.
6.1A). Medium-density varicose 5HT+ terminal networks were observed within the
cholinergic medial septal nucleus, the cholinergic diagonal band of Broca, the cholinergic
islands of Calleja and olfactory tubercle and the cholinergic nucleus basalis (Figs. 6.1A-
D, 6.2B). Throughout the hypothalamus a medium-density varicose 5HT+ terminal
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network was observed, and this was also characteristic of all the sleep-wake associated
nuclei (the cholinergic, catecholaminergic and orexinergic nuclei described above) (Figs.
6.1D-J, 6.2D). Within the midbrain a medium-density varicose 5HT+ terminal network
was observed within the serotonergic caudal linear nucleus (CLi), the supralemniscal
serotonergic nucleus (B9) and the serotonergic dorsal raphe nuclear complex. The same
type of medium density varicose network was observed within the cholinergic (PBg,
PPT, LDT), catecholaminergic (A6d) and serotonergic (DRc, MnR) of the pontine
region, while a low-density network was observed in the other catecholaminergic nuclei
(A7sc, A7d) (Figs. 6.1M-S, 6.2F).
6.3.5.2 Orexinergic terminal networks
A medium-density varicose Orx+ terminal network was observed within the
cholinergic nuclei of the basal forebrain, including the diagonal band of Broca, the
islands of Calleja and olfactory tubercle and the nucleus basalis (Figs. 6.1B-D, 6.3B), but
only a low-density varicose Orx+ terminal network was observed within the medial septal
nucleus. Within the hypothalamus a high-density varicose Orx+ terminal network was
observed within the catecholaminergic anterior hypothalamic group, dorsal division
(A15d) (Figs. 6.1 D and E, 6.3D). A second region of high-density Orx+ terminals was
observed within the hypothalamic arcuate nucleus in the rhythmic chronotype, but only a
medium-density Orx+ terminal network was noted for the homologous region in the
arrhythmic chronotype (Figs. 6.1E, 6.10 A and B). This was the first difference noted
between chronotypes. For the remaining regions of the hypothalamus, including those
areas in which the cholinergic and remaining catecholaminergic nuclei (A15v, A14, A13,
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A12, A12) were found a medium-density varicose Orx+ network was observed (Figs.
6.1D-I). The second difference of note was found in the density of the Orx+ terminal
network to the intergeniculate leaflet, which was of a high-density in the rhythmic
chronotype, but of low density in the arrhythmic chronotype (Figs. 6.1H-J, 6.10 C and
D).
Within the midbrain a medium-density varicose Orx+ terminal network was
observed within the serotonergic nuclei (CLi, B9 and the dorsal raphe nuclear complex).
A high-density varicose Orx+ terminal network was observed within the pontine
cholinergic pedunculopontine (PPT) nucleus, the catecholaminergic subcoeruleus
compact portion (A7sc) and locus coeruleus diffuse portion (A6d) and the serotonergic
dorsal raphe caudal nucleus (DRc). A medium-density varicose Orx+ terminal network
was observed within the cholinergic laterodorsal tegmental (LDT) nucleus and the
serotonergic median raphe nucleus (MnR) and a low density varicose Orx+ terminal
network was observed within the cholinergic parabigeminal nucleus (PBg) and the
catecholaminergic subcoeruleus diffuse portion (A7d) nuclei (Figs. 6.1M-S, 6.3 F and H).
6.3.5.3 Histaminergic terminal networks
In both circadian chronotypes of mole rat a medium-density varicose Hst+
terminal network was observed within the cholinergic nucleus basalis, but only a low-
density varicose terminal network was observed in the remaining cholinergic sleep-wake
associated nuclei of the basal forebrain (Figs. 6.1A-D, 6.4B). A medium-density varicose
Hst+ terminal network was observed within the cholinergic hypothalamic nuclei, the
catecholaminergic hypothalamic nuclei, and the orexinergic hypothalamic nuclei (Figs.
192
6.1D-I, 6.4D). In the midbrain, a medium-density varicose terminal network was
observed within the serotonergic caudal linear nucleus (CLi) and the serotonergic dorsal
raphe complex, but only a low-density terminal network was observed within the
supralemniscal serotonergic nucleus (B9) (Figs 6.1M-S, 6.4F). Within the pontine region
a medium-density varicose Hst+ terminal network was observed within the cholinergic
PBg and LDT nuclei, the catecholaminergic A6d nucleus and the serotonergic DRc and
MnR nuclei (Figs. 6.1P-R). A low-density varicose terminal network was observed in the
cholinergic PPT nucleus and the catecholaminergic A7sc and A7d nuclei.
6.3.6 GABAergic interneurons
The calcium binding proteins calbindin (CB), calretinin (CR) and parvalbumin
(PV) label specific subsets of GABAergic interneurons which are known to play a major
role in the transition of one state to another (Siegel, 2004). In the following sections, the
density of these immunopositive (CB+, CR+ and PV+) interneurons and their respective
terminal networks are described in relation to the identified sleep-wake associated nuclei
of the cholinergic, catecholaminergic, serotonergic and orexinergic systems located
within the basal forebrain, hypothalamus, midbrain and pons. The current analysis of the
distribution and terminal network densities of these GABAergic interneuron types
indicated overall similarity in both circadian chronotypes, thus the following description
applies to both unless otherwise specified.
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6.3.6.1 Relations of GABAergic interneurons to cholinergic nuclei
A medium density of CB+ interneurons was found to intermingle with the
cholinergic medial septal neurons, islands of Calleja, olfactory tubercle and nucleus
basalis and a medium density CB+ terminal network was observed within these
cholinergic nuclei (Fig. 6.5B). A low-density of CB+ interneurons intermingled with the
cholinergic neurons of the diagonal band of Broca and a medium density CB+ terminal
network was observed in this region. A medium-density of CR+ interneurons
intermingled with the neurons of the medial septal nucleus and nucleus basalis and a
medium density CR+ terminal network was observed within these regions. A low-density
CR+ interneurons was found to intermingle with the neurons of the diagonal band of
Broca, the islands of Calleja and the olfactory tubercle and a low density CR+ terminal
network was observed within these regions (Fig. 6.5C). A low-density of PV+
interneurons was observed to intermingle with neurons of the medial septal nucleus,
diagonal band of Broca and nucleus basalis and a low density PV+ terminal network was
observed within these regions.
A medium to high density of CB+ and CR+ interneurons with a medium to high
density CB+ and CR+ terminal network were found intermingled with neurons of the
dorsal, lateral and ventral hypothalamic groups. No PV+ interneurons or terminal
networks were observed either intermingled with or adjacent to the cholinergic nuclei of
the hypothalamus. A low-density of CB+ interneurons intermingled with the neurons of
the PPT, PBg and LDT and a medium to high density CB+ terminal network was
observed in these nuclei (Fig. 6.8B). A low to medium-density of CR+ interneurons
intermingled with the neurons of the LDT, a low-density of CR+ neurons intermingled
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with the PPT and a low density of CR+ interneurons intermingled with the PBg (Fig.
6.8C). Medium to high density, medium and low-density CR+ terminal networks were
observed within the LDT, PBg and PPT respectively. Only a very few PV+ interneurons,
with very low density PV+ terminal networks were observed within the PPT, PBg and
LDT (Fig. 6.8D).
6.3.6.2 Relations of GABAergic interneurons to catecholaminergic nuclei
A medium to high-density of CB+ and CR+ interneurons, with a medium to high
density CB+ and CR+ terminal networks were found intermingled with hypothalamic
catecholaminergic neurons (A15d, A15v, A14, A13, A12 and A11 groups). No PV+
interneurons or terminal networks were observed within the hypothalamic
catecholaminergic nuclei (Figs. 6.6B-D). A medium-density of CB+ interneurons was
only intermingled with the neurons of the A6d catecholaminergic nucleus (Fig. 6.9B). A
medium to high density CB+ terminal network was observed within the A6d, whereas a
medium density was observed in the A7d and A7sc. A low-density of CR+ interneurons
were intermingled with neurons of the A6d and a medium density CR+ terminal network
was observed in this region. A low-density of CR+ interneurons were intermingled with
neurons of both divisions of the A7 and a low to medium CR+ terminal network was
observed in these regions (Fig. 6.9C). A low-density of PV+ interneurons with low
density PV+ terminal networks were found intermingled with the catecholaminergic
neurons throughout locus coeruleus (A6d, A7sc, A7d) (Fig. 6.9D).
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6.3.6.3 Relations of GABAergic interneurons to serotonergic nuclei
A high density of CB+ interneurons were observed intermingled with the neurons
of the caudal linear (CLi) nucleus and a high density CB+ terminal network was observed
within this region. A medium to high-density of CB+ interneurons was observed
intermingling with the neurons of the dorsal raphe (DR) complex and the median raphe
(MnR) nucleus and a medium to high-density CB+ terminal network was observed within
these nuclei (Fig. 6.7B). A medium-density of CB+ interneurons were found within the
supralemniscal nucleus (B9) along with a medium density CB+ terminal network. A
medium-density of CR+ interneurons and medium density CR+ terminal networks were
found intermingled with neurons of the DRl, DRp, DRc, and CLi nuclei (Fig. 6.7C), but
only a low-density of CR+ interneurons  and terminal networks were observed
intermingled with neurons of the DRif, DRv, DRd, B9, and MnR nuclei (Fig. 6.7C). A
few isolated PV+ interneurons and low-density PV+ terminal networks were identified
within the dorsal raphe (DR) complex, CLi, B9 and MnR nuclei (Fig. 6.7D).
6.3.6.4 Relations of GABAergic interneurons to orexinergic nuclei
A medium to high-density of CB+ and CR+ interneurons with a medium to high-
density CB+ and CR+ terminal network was found intermingled with orexinergic neurons
throughout the hypothalamus. No PV+ interneurons or terminal networks were observed
within the hypothalamus.
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Figure 6.1: Drawings of serial coronal sections A to S through the right half of the brain
of a Zambian mole rat (Cryptomys mechowi) with a rhythmic chronotype from the basal
forebrain through to the pontomedullary junction. The drawings depict the architecture
based on nissl and myelin sections; immunopositive neurons of the cholinergic,
catecholaminergic (those that were immunoreactive for tyrosine hydroxylase),
serotonergic and orexinergic systems (each black dot represents a single neuron); and the
distribution of serotonergic, orexinergic and histaminergic terminal network densities (an
absence of shading represents low density, grey shaded areas represent medium density
and black shaded areas represent high density). See list for abbreviations.
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Figure 6.2: High power photomicrographs showing immunopsitive neurons of the
cholinergic (ChAT+), orexinergic (Orx+) and catecholaminergic (TH+) systems and the
associated serotonergic (5HT+) terminal network in the brain of the Zambian mole rat
(Cryptomys mechowi). (A) ChAT+ neurons within the diagonal band of Broca, (B)
Medium density 5HT+ terminal network in the region of the diagonal band of Broca, (C)
Orx+ neurons of the lateral hypothalamic area, (D) Medium density 5HT+ terminal
network in the region of the lateral hypothalamic area, (E) TH+ neurons of the
subcoeruleus compact portion (A7sc), (F) Medium density 5HT+ terminal network in the
region of A7sc. In each photomicrograph dorsal is to the top and medial to the left. Scale
= 100µm and applies to all.
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Figure 6.3: High power photomicrographs showing immunopsitive neurons of the
cholinergic (ChAT+), catecholaminergic (TH+) and serotonergic (5HT+) systems and the
associated immunopositive orexinergic (Orx+) terminal network the brain of a the
Zambian mole rat (Cryptomys mechowi). (A) ChAT+ neurons of nucleus basalis, (B)
Medium density Orx+ terminal network in the region of nucleus basalis, (C) TH+
neurons of the A15d, (D) Medium density Orx+ terminal network in the region of A15d,
(E) 5HT+ neurons of the DRl, (F) Medium density Orx+ terminal network in the region
of DRl, (G) TH+ neurons of the A6d, (H) High density Orx + terminal network in the
region of A6d. In each photomicrograph dorsal is to the top and medial to the left. Scale
= 100µm and applies to all.
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Figure 6.4: High power photomicrographs showing immunopsitive neurons of the
cholinergic (ChAT+), orexinergic (Orx+) and serotonergic (5HT+) systems and the
associated immunopositive histaminergic (Hst+) terminal network the brain of the
Zambian mole rat (Cryptomys mechowi). (A) ChAT+ neurons of the medial septal
nucleus, (B) Low density Hst+ terminal network in the region of the medial septal
nucleus, (C) Orx+ neurons of the OTc, (D) Medium density Hst+ terminal network in the
region of the OTc, (E) 5HT+ neurons of the DRd, (F) Medium density Hst+ terminal
network in the region of the DRd. In each photomicrograph dorsal is to the top and
medial to the left. Scale = 100µm and applies to all.
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Figure 6.5: Photomicrographs showing immunopositive neurons of the cholinergic
(ChAT+) system and  calcium binding proteins calbindin (CB+), calretinin (CR+) and
parvalbumin (PV+) in relation to the cholinergic neurons. (A) ChAT+ neurons of the
olfactory tubercle, (B) medium density CB+ interneurons intermingled with cholinergic
neurons of the olfactory tubercle, (C) low density CR+ interneurons intermingled with
cholinergic neurons of the olfactory tubercle, (D) low density PV+ interneurons
intermingled with the cholinergic neurons of the olfactory tubercle. In each
photomicrograph dorsal is to the top and medial to the left. Scale = 500µm and applies to
all.
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Figure 6.6: : Photomicrographs showing immunopositive neurons of the
catecholaminergic (TH+) system and calcium binding proteins calbindin (CB+),
calretinin (CR+) and parvalbumin (PV+) in relation to the TH+ neurons. (A) TH+
neurons of the A11, (B) medium density CB+ interneurons intermingled with A11, (C)
medium density CR+ interneurons intermingled with A11, (D) absence of PV+
interneurons in the region of A11. In each photomicrograph dorsal is to the top and
medial to the left. Scale = 500µm and applies to all.
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Figure 6.7: Photomicrographs showing immunopositive neurons of the serotinergic
(5HT+) system and calcium binding proteins calbindin (CB+), calretinin (CR+) and
parvalbumin (PV+) in relation to the 5HT+ neurons. (A) 5HT+ neurons of the DR
nuclear complex, (B) medium density CB+ interneurons throughout the DR nuclear
complex, (C) low density CR+ interneurons with the DRd, DRv and DRif nuclei, (D)
absence of PV+ interneurons throughout the DR nuclear complex. In each
photomicrograph dorsal is to the top and medial to the left. Scale = 500µm and applies to
all.
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Figure 6.8: Photomicrographs showing immunopositive neurons of the cholinergic
(ChAT+) system and calcium binding proteins calbindin (CB+), calretinin (CR+) and
parvalbumin (PV+) in relation to the cholinergic neurons. (A) ChAT+ neurons of the
pedunculopontine (PPT) and laterodorsal tegmental (LDT) nuclei, (B) low to high density
CB+ interneurons intermingled with PPT and LDT, (C) low to medium density CR+
interneurons intermingled PPT and LDT, (D) absence of PV+ interneurons in the regions
of PPT and LDT. In each photomicrograph dorsal is to the top and medial to the left.
Scale = 500µm and applies to all.
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Figure 6.9: Photomicrographs showing immunopositive neurons of the
catecholaminergic (TH+) system and calcium binding proteins calbindin (CB+),
calretinin (CR+) and parvalbumin (PV+) in relation to the TH+ neurons. (A) TH+
neurons of part of the locus coeruleus complex (A6d and A7sc), (B) medium density
CB+ interneurons intermingled with A6d only, (C) low density CR+ interneurons
intermingled with A6d and A7sc, (D) absence of PV+ interneurons. In each
photomicrograph dorsal is to the top and medial to the left. Scale = 500µm and applies to
all.
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Figure 6.10: Photomicrographs showing possible differences in orexinergic (Orx+) terminal
network densities between rhythmic and arrhythmic chronotypes of the Zambian mole rat
(Cryptomys mechowi) in the hypothalamic arcuate nucleus and the intergeniculate leaflet
(IGL). (A) High density Orx+ terminal network in the region of the hypothalamic arcuate
nucleus in the rhythmic chronotype, (B) Medium density Orx+ terminal network in the region
of the hypothalamic arcuate nucleus in the arrhythmic chronotype, (C) High density Orx+
terminal network in the region of the IGL in the rhythmic chronotype, (D) Medium density
Orx+ terminal network in the region of the IGL in the arrhythmic chronotype. In each
photomicrograph dorsal is to the top and medial to the left. Scale = 500µm and applies to all.
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6.4 Discussion
The results of the present study indicated that in both circadian chronotypes of
mole rat immunopositive neurons and nuclear complexes of the cholinergic,
catecholaminergic, serotonergic and orexinergic systems were similar to those previously
reported in other mole rats and rodents. It was also observed that the distribution of
serotonergic, orexinergic and histaminergic terminal networks in both circadian
chronotypes of mole rat were similar to those reported in other rodents and mammals. It
is known that the calcium binding proteins calbindin (CB), calretinin (CR) and
parvalbumin (PV) are subtypes of the GABAergic neuronal population. In the current
study it was found that the immunopostive parvalbumin (PV+) interneurons did not
associate with nuclei known to be involved in the sleep-wake cycle. Immunopostive
calbindin (CB+) interneurons were ubiquitous in distribution and found in all nuclei
involved with the sleep-wake cycle; however, the immunohistochemical revelation of the
distribution of immunopostive calretinin (CR+) interneurons resulted in distinct
variations within nuclear complexes involved in the sleep-waked cycle. These differences
were observed in: (1) the cholinergic pedunculopontine (PPT) and laterodorsal tegmental
(LDT) nucleus, where CR+ interneurons were observed in low and medium densities
respectively; (2) the catecholaminergic locus coerulues complex where A6d had a
medium-density of CR+ interneurons whereas the A7sc had a low-density of these
interneurons; (3) the serotonergic dorsal raphe complex where a low-density of CR+
interneurons were observed within the midline components of this complex (DRd, DRv
and DRif nuclei), whereas a medium-density of CR+ interneurons were observed in the
lateral and peripheral (DRl, DRp and DRc nuclei) regions of this complex. Finally the
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results of the present study indicated observable differences in the density of orexinergic
(Orx+) terminal networks between rhythmic and arrhythmic chronotypes. These
differences were observed in the hypothalamic arcuate nucleus and intergeniculate
leaflet, both of which had a high-density Orx+ terminal network in the rhythmic
chronotype as opposed to a medium-density Orx+ terminal network in the arrhythmic
chronotype.
6.4.1 Comparison of cholinergic, catecholaminergic, serotonergic and orexinergic
nuclei and serotonergic, orexinergic and histaminergic terminal networks to other
rodents
 The similarity of nuclei and nuclear complexes of the cholinergic,
catecholaminergic serotonergic and orexinergic systems of the distinct circadian
chronotypes of mole rat in the present study to previously published reports of other mole
rats and rodents (see Bhagwandin et al., 2008, 2011 for detailed references) indicates a
strong phylogenetic constraint at the systems level of nuclear organisation despite
differences in lifestyle, phenotype and circadian rhythmicity. The results of the present
study provide an extension of the hypothesis proposed by Manger (2005) that suggests
the complement of homologous nuclei at the systems level of neuronal organisation will
remain the same amongst species of a mammalian order irrespective of brain size,
phenotype and life history. Similarly, the results of the present study indicate
phylogenetic constraints acting on the distribution of serotonergic, orexinergic and
histaminergic terminal networks when compared to other rodents and mammals as no
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major differences were observed (Inagaki et al., 1988; Leger et al., 2001; Nixon and
Smale, 2007).
6.4.2 GABAergic interneurons
The neuroanatomical relations of the GABAergic neuronal subtypes has not been
comprehensively studied in relation to nuclei involved in the regulation of sleep-wake
states. GABAergic neurons are known to play a central role in the sleep-wake cycle, such
as, for example, directly or indirectly inhibiting cholinergic neurons of the basal forebrain
and the histaminergic cells of the posterior hypothalamus causing deactivation of the
cerebral cortex (Lyamin et al., 2008), and inhibiting serotonergic and noradrenergic
neuronal populations of the brainstem (Nitz and Siegel, 1997a,b). These actions in
combination with observed maximal GABAergic activity during slow wave sleep (SWS)
and minimal activity during waking, make GABAergic neurons potent sleep-promoters
(Szymusiak, 1995; Szymusiak et al., 2001; Siegel, 2004). The differential expression of
three calcium binding proteins calbindin (CB), caretinin (CR) and parvalbumin (PV)
defines three subtypes of GABAergic interneurons (Celio, 1986, 1990; Hendry et al.,
1989; Jacobowitz and Winsky, 1991; Van Brederode et al., 1991; Biambridge et al.,
1992; Rodgers, 1992; Kubota et al., 1994). It has been demonstrated that each subtype
has a particular firing pattern: calbindin interneurons are associated with regular spiking
characterised by a marked accommodation; calretinin interneurons are associated with
bursts of spiking at irregular frequencies; and parvalbumin interneurons are associated
with fast spiking displaying tonic discharges of fast action potentials with no
accommodation (Cauli et al., 1997). Therefore in accordance with the results of the
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present study it would seem fair to infer that the ubiquitous distribution of CB+
interneurons in relation to identified sleep-wake nuclei may possibly maintain a particular
state as a result of their regular spiking action potentials. The differential and lower
density distribution of CR+ neurons in relation to sleep-wake nuclei may play a role in
state transitions as a result of their pattern of irregular spiking. It is interesting that within
the midline nuclei of the serotonergic dorsal raphe complex, the cholinergic
pedunculopontine and laterodorsal tegmental nuclei and the catecholaminergic locus
coeruleus that the density of CR+ neurons was quite low. This may indicate that these
nuclei interact with different GABAergic pathways as has been previously demonstrated
with the inhibition of perifornical lateral hypothalamic orexinergic neurons by the
GABAergic rich median preoptic nucleus (Gong et al., 2002; McGinty et al., 2004).
The open question that is the current study raises is the understanding of which of
the calcium binding subtypes of GABAergic neurons are involved during the particular
states, or state transitions, of the sleep-wake cycle. It has been shown that GABAergic
neurons within the basal forebrain and anterior hypothalamus are maximally active
during SWS, have a reduced level of activity during REM sleep and display minimal
activity during waking (Syzmusiak, 1995; Syzmusiak et al., 2001; Siegel, 2004). Similar
activity has been noted with some of the GABAergic neurons found in the tegmentum of
the midbrain and the pons (Nitz and Siegel, 1997a,b). Furthermore, cessation of
brainstem serotonergic and noradrenergic nuclear activity by the application of GABA
triggers REM (Nitz and Siegel, 1996; Nitz and Siegel, 1997a,b). It is known that
GABAergic neurons have short-range and long-range projections (Ascoli et al., 2008).
Therefore it is likely that the observed CB+ and CR+ interneurons found adjacent to- and
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intermingled with- identified sleep-wake nuclei, through local activity and their specific
action potential firing patterns, may induce inhibition of wake active nuclei during sleep
and inhibit sleep active neurons during waking. This hypothesis is, however, very
speculative and a great deal more work is necessary to clarify this situation.
6.4.3 Rhythmic vs arrhythmic differences
  The results of the present study indicated a high-density orexinergic (Orx+)
terminal network in the hypothalamic arcuate nucleus of the rhythmic chronotype but a
medium-density Orx+ terminal network within the same nucleus of the arrhythmic
chronotype. The strong reciprocal connections between leptin-sensitive neurons of the
arcuate nucleus and orexinergic neurons of the lateral hypothalamus provide an argument
for orexinergic involvement in signalling pathways associated with feeding (Broberger et
al., 1998; Elias et al., 1998; Horvath et al., 1999; Guan et al., 2001). The observed
decrease in Orx+ terminal network density could indicate a decrease in orexinergic
involvement in the signalling pathway associated with feeding possibly resulting in
decreased food intake. Therefore it would seem fair to infer that the decrease in
orexinergic density within the arrhythmic chronotype of the current species of mole rat
may facilitate enhanced arousal and vigilance behaviour rather than feeding behaviour.
 The results of the present study also indicated a less dense orexinergic terminal
network within the intergeniculate leaflet (IGL) of the arrhythmic chronotype of mole rat.
It is known that the afferent projections of certain types of retinal ganglion cells are
bifurcated and terminate in both the surprachaismatic nucleus (SCN) and the IGL
(Pickard, 1985). Despite the reduced eye size and regressed visual system of mole rats the
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responses of the circadian rhythm to light remains intact as mole rats are able to entrain
their circadian activity rhythms to the light-dark cycle (Oosthuizen et al., 2010). The IGL,
part of the non-image forming visual system, projects to the SCN (Mrosovsky, 1995) and
neuropeptide-Y cells of the IGL exhibit orexinergic fibre appositions and as a result
orexins pose as a potential source of activity state feedback to the IGL (Nixon and Smale,
2005). Therefore the reduction in the density of the orexinergic terminal network
observed within the IGL of the arrhythmic chronotype may compromise activity state
feedback to the circadian system which may result in differences in patterns of daily
activity resulting in the two types of chronotypes within the same species of mole rat.
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Chapter 7 - Conclusion
7.1 Concluding Remarks
The oscillatory discharge of neuronal populations within the basal forebrain,
hypothalamus and ponto-medullary junction results in the physiological phenomenon that
is commonly referred to as the sleep-wake cycle (Siegel, 1990; Lyamin et al., 2008), and
this cycle has been investigated behaviourally and physiologically in many mammalian
species (McNamara et al., 2008). The present series of studies was aimed at investigating
the somnogenic system in representatives of an unusual family of rodents – the
Bathyergid mole rats, which are known for their subterranean lifestyle, regressed visual
system (Cooper et al., 1993; Hart et al., 2004; Nemec et al., 2004; McMullen et al., 2010)
and unusual patterns of circadian rhythmicity (Lovegrove and Papenfus, 1995;
Lovegrove and Muir, 1996). Locomotor activity studies have demonstrated the
coexistence of distinct circadian chronotypes (i.e. rhythmic and arrhythmic) within a
species of mole rat (Oosthuizen et al., 2003), therefore these unusual rodents provide a
good model to test the interplay of sleep physiology, circadian rhythmicity and the
anatomy of the somnogenic system.
This series of studies started with the neuroanatomical examination of the
cholinergic, catecholaminergic and serotonergic systems in the brains of the Highveld
mole rat (Cryptomys hottentotus) and the Cape-dune mole rat (Bathyergus suillus) –
systems that are involved in promoting arousal and maintaining wakefulness (McGinty
and Szymusiak, 2005). The results of this study indicated that the location and
morphology of the neurons of these systems in the mole rats were similar to those
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previously reported in other rodents and mammals despite noteworthy differences in
lifestyle, phenotype and circadian rhythmicity. These results are congruent with the
hypothesis that the systems level of neuronal organisation remains similar amongst the
species of an order irrespective of lifestyle, phenotype or phylogenetic relationships
(Manger, 2005); however, it was observed that the mole rats investigated in this study
showed a weakly represented cholinergic parabigeminal nucleus, in terms of number of
neurons, compared to other rodents and mammals. This low neuronal number within the
parabigeminal nucleus of these mole rats is consistent with the reduced visual system of
these rodents as previously suggested (Da Silva et al., 2006).
In 1998, two research groups simultaneously discovered that the activity of two
peptides contributed significantly to the maintenance of wakefulness and motivated
behaviour. These peptides are commonly referred to as orexin-A and orexin-B (also
known as hypocretin-1 and hypocretin-2 respectively) (De Lecea et al., 1998; Sakurai et
al., 1998). That orexins promote wakefulness motivated the investigation of the
distribution of orexinergic neurons and terminal networks in the brains of two species of
African mole rat (Highveld mole rat - Cryptomys hottentotus; and Cape-dune mole rat -
Bathyergus suillus). The results of this study indicated that in both species of mole rats
orexinergic neurons were limited to the hypothalamus and formed three distinct clusters,
a large homogenous cluster spanning the lateral and perifornical regions, a cluster
extending into the region of the zona incerta and a final cluster in the ventral
hypothalamus adjacent to the optic tracts. These results share many similarities to other
rodents studied to date, but no orexinergic neurons could be identified within the anterior
hypothalamic paraventricular subnucleus in either species as was previously reported in
232
Murid rodents (Nixon and Smale, 2007). This is not the first time such a Murid vs non-
Murid difference has been observed for such systems in rodents (Bhagwandin et al.,
2006). Orexinergic terminal networks were more strongly expressed in the Cape-dune
mole rat compared to the Highveld mole rat; however, the distribution of terminal
networks in both species, for the most part, was congruent with those reported in other
rodents. Interestingly, despite the reduced superior colliculus noted for mole rats, a
medium-density orexinergic terminal network was observed in this region, whereas the
homologous region in other rodents have a low-density orexinergic terminal network.
Furthermore, only the Cape-dune mole rat exhibited a high-density orexinergic terminal
network within area postrema (AP), whereas the same region in all other rodents studied
to date have reported a low to medium-density orexinergic terminal network. What these
differences in terminal network density actually mean in a functional sense is currently
unclear.
From the results obtained in the studies reported in chapters 2 and 3 it was evident
that despite the subterranean lifestyle and regressed visual capabilities characteristic of
mole rats the neuroanatomy of the cholinergic, catecholaminergic, serotonergic and
orexinergic arousal systems remained remarkably similar to other rodents. Interest
subsequently developed as to whether notable differences existed in the sleep patterns of
mole rats compared to other rodents and whether sleep patterns were significantly
different in the distinct circadian chronotypes of a species of mole rat. In chapter 4, sleep
was physiologically and behaviourally recorded in distinct circadian chronotypes of the
giant Zambian mole rat (Cryptomys mechowi).  Both circadian chronotypes of mole rat in
this study showed physiological criteria characteristic of waking, slow wave sleep (SWS)
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and rapid eye movement (REM) sleep. The results indicated that the arrhythmic
individuals spent more time in the state of wake, with a longer average duration of a
waking episode, and less time in SWS, with a shorter average duration of a SWS episode,
though with a greater slow wave sleep intensity. The increase in sleep intensity is
congruent with Tobler’s (1995) findings that show consistent increases in slow wave
activity (SWA) during SWS, an accepted measure of sleep intensity, in sleep deprived
mammals. Total time spent in sleep (TST) for both chronotypes of this rodent species
was shorter than that seen in other rodents. This was a result of the species studied
spending less time in SWS compared to other rodents, as the amount of time spent in
REM sleep was within the range, though at the upper end of the range, reported
previously for other rodents. An additional possible explanation for the discrepancy
observed between the mole rats of the current study and other rodents could lie in the
genetic variation of these rodents. Some of the classic sleep disorders have been
associated with single gene mutations (Kimura and Winkelmann, 2007) and several
studies have identified genomic regions that contain allelic variations affecting
quantifiable sleep parameters commonly referred to as quantitative trait loci (QLT) (Tafti
et al., 1997; Tafti, 2007). It was interesting that the average duration of a REM episode
remained similar between chronotypes yet was slightly longer compared to other rodents.
It has been shown that REM activity is maximal when body temperature is lowest (Dijk
and Franken, 2005). Mole rats are known to have lower body temperatures compared to
surface dwelling mammals (Bennett and Faulkes, 2000), therefore it could be possible
that the extended duration of a REM episode compared to other rodents is regulated in
relation to body temperature irrespective of chronotype. In addition, the observed
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increase in slow wave activity (SWA) during SWS of the arrhythmic group was
congruent with genetic manipulation and suprachiasmatic nuclear (SCN) ablation studies
that postulate independence of circadian rhythmicity and sleep homeostasis (Dijk and
Franken, 2005).
    The statistically significant increase in the time spent in waking and the
duration of an episode of waking in the arrhythmic group presents an interesting
conundrum in the sense that there are several neural systems implicated in arousal
behaviour and maintenance of wakefulness. The question of which neuromodulatory
system to investigate was directed by evidence demonstrating decreased numbers of
orexinergic neurons in narcoleptic individuals (Siegel, 1999). Conversely, increased
activity of orexinergic neurons has been demonstrated during wakefulness and motivated
behaviour (Estabrooke et al., 2001; Mileykovskiy et al., 2005; Lee et al., 2005).
Therefore in chapter 5, orexinergic cell bodies within the brains of rhythmic and
arrhythmic circadian chronotypes from three species of African mole rat (Highveld mole
rat - Cryptomys hottentotus pretoriae, Ansel’s mole rat – Fukomys anselli and the
Damaraland mole rat – Fukomys damarensis) were identified using
immunohistochemistry for orexin-A. Immunopositive orexinergic (Orx+) cell bodies
were stereologically assessed and absolute numbers of orexinergic cell bodies were
determined for the distinct circadian chronotypes of each species of mole rat examined.
The aim of the study was to investigate whether the absolute numbers of identified
orexinergic neurons differed between distinct circadian chronotypes with the hypothesis
of elevated hypothalamic orexinergic neurons in the arrhythmic chronotypes compared to
the rhythmic chronotypes. Statistically significant differences between the circadian
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chronotypes of F. anselli were identified, where the arrhythmic group had higher mean
numbers of hypothalamic orexin neurons compared to the rhythmic group. These
differences were observed when the raw data was compared and when the raw data was
corrected for body mass (Mb) and brain mass (Mbr). C. hottentotus pretoriae showed
similar tendencies though the data was not significantly different. Analysis of F.
damarensis revealed data that was opposite to the trend identified in the other two
species, though this data was not statistically significant. Given the previous suggestions
for the role of orexins in the sleep-wake cycle (Siegel, 2004; Baumann and Bassetti,
2005), it would seem fair to infer that the elevated numbers of hypothalamic orexinergic
neurons observed in the arrhythmic chronotypes of F. anselli and C. hottentotus
pretoriae, through possible increased activity and the resulting effect on wakefulness and
motor activities, may facilitate a higher level of vigilance allowing for extended foraging
and feeding activity compared to the rhythmic chronotype. Additionally, comparisons of
hypothalamic orexinergic counts between all rhythmic and arrhythmic individuals only
showed a statistically significant difference when orexinergic counts were corrected for
body mass (Mb) where the arrhythmic individuals had higher hypothalamic orexinergic
counts. Since the discovery of orexins in 1998, these peptides have also become
synonymous with appetite regulation and increased food intake that is driven by
involvement in motivated behaviour. This in combination with increased orexinergic
counts would theorectically indicate increased body mass in arrhythmic individuals;
however, this was not the case as arrhythmic individuals had a lower mean body mass
compared to the rhythmic individuals. A possible explanation could lie in the metabolism
of arrhythmic individuals, as Nicolaidis (2006) suggests that based on resting metabolic
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rate, a hypometabolic but physically active animal has a higher (total) metabolism than a
hypermetabolic animal that remains quiet. This supports the mole rats of the current study
as it has been previously reported that subterranean mole rats have lower resting
metabolic rates than surface dwelling mammals (Bennett and Faulkes, 2000).
Incidentally, brain metabolism is controlled independent of peripheral body metabolism,
but metabolically strategic areas within the brain are capable of reflecting changes in
peripheral body metabolism (Nicolaidis, 2006). Therefore, it may be possible that a
higher peripheral metabolism may result in a lower body mass despite the elevated Orx+
neurons observed in the arrhythmic chronotype compared to the rhythmic chronotype.
In chapters 4 and 5 it was determined that the arrhytyhmic chronotype was
physiologically more awake than its rhythmic counterpart and this finding was supported
by the elevated hypothalamic orexinergic numbers in the arrhythmic chronotype;
however, in order to further understand the sleep-wake cycle its neuranatomical
substrates need to be investigated. Therefore interest arose as to whether potential
differences existed in the nuclear complement and the distribution of terminal networks
related to nuclei of the sleep-wake cycle between the distinct circadian chronotypes.
Subsequently, brains of the giant Zambian mole rat (Cryptomys mechowi), from the
individuals in which sleep was recorded, were immunohistochemically examined for
choline acetyltransferase (ChAT), tyrosine hydroxylase (TH), serotonin (5HT), orexin
(Orx), histamine and the calcium binding proteins calbindin (CB), calretinin (CR) and
parvalbumin (PV). The cholinergic, catecholaminergic, serotonergic, orexinergic and
histaminergic systems are frequently associated with arousal and maintenance of
wakefulness and GABAergic neurons are known to promote sleep (Siegel, 2004). The
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results of this study indicated similarity in nuclei and distribution of terminal networks of
the cholinergic, catecholaminergic, serotonergic and orexinergic systems between the
circadian chronotypes and all other rodents and mammals previously examined
(Bhagwandin et al., 2008, 2011).The distribution of histaminergic terminal networks
remained similar between circadian chronotypes and other rodents (Inagaki et al., 1988).
These results indicate a strong phylogenetic constraint at the systems level of mammalian
neuronal organisation. Despite this broad similarity, two differences were observed in the
distribution of orexinergic terminal network within the hypothalamic arcuate nucleus and
the intergeniculate of the thalamus where the arrhythmic chronotype displayed a reduced
orexinergic terminal network in both regions. It could be possible that these differences
may enhance vigilance and arousal behaviour relative to feeding behaviour and may also
compromise activity state feedback to the circadian system that could alter the daily
activity patterns in the arrhythmic chronotype, findings which are partly indicated and
supported by the results in chapter 4. The GABAergic subtypes examined in this study
have previously been separated based on their rates of depolarization. Fast spiking
neurons with no accommodation have been associated with parvalbumin, regular spiking
neurons with calbindin and irregular spiking neurons with calretinin (Celio, 1986, 1990;
Hendry et al., 1989; Jacobowitz and Winsky, 1991; Van Brederode et al., 1991;
Biambridge et al., 1992; Rodgers, 1992; Kubota et al., 1994). GABAergic neurons of the
basal forebrain and anterior hypothalamus as well as the brainstem are known to inhibit
local wake active neurons (Nitz and Siegel, 1997a,b; Lyamin et al., 2008). The results of
this study showed no association of parvalbumin with sleep-wake related nuclei, a
ubiquitous association of calbindin with sleep-wake nuclei and a ubiquitous, but less
238
numerous, calretinin association with sleep-wake nuclei. Given the spiking rates of
calbindin and calretinin it seems likely that calbindin may be involved in the maintenance
of a physiological state such as wake, SWS or REM, whereas calretinin may be involved
in state transitions. Despite the observed differences of calbindin and calretinin within the
cholinergic, catecholaminergic, serotonergic and orexinergic nuclei, it is also possible
that these regions are also under the influence of distantly located GABAergic
inerneuronal populations, similar to those previously reported in the anterior
hypothalamus (Gong et al., 2002; McGinty et al., 2004). The study of the relationship of
GABAergic neuronal subtypes and the sleep systems is an area that needs a great deal of
future research, especially in a comparative neuroanatomical setting.
7.2 Future Directions
Despite the studies carried out here, many unanswered questions still remain and
many were raised in the course of these studies. It would be useful to concurrently record
body temperature, brain temperature, electroencephalogram (EEG), electromyogram
(EMG), and behaviour in circadian chronotypes of mole rats. The peaks and troughs of
body temperature and brain temperature associated with physiologically defined sleep
and wake states may provide a more holistic picture of the baseline sleep-wake patterns
in these unusual rodents. It would be interesting to determine from such a study whether
body temperature differs between circadian chronotypes within a species of mole rat. It
will also be of interest to determine the level of correlation between body temperature
and brain temperature during physiologically defined sleep and wake states and note
whether a trend such as increases in brain temperature when body temperature is at its
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lowest range can be associated with the onset of REM sleep in distinct circadian
chronotypes of mole rat. Additionally examination of the genetic composition,
specifically the loci of chromosomes 5, 7, 12 and 17 which have been associated with the
vigilance phenotype in mice (Tafti, 1997), may provide further details regarding the
genetic control of sleep in circadian chronotypes of mole rat and may explain the
difference in sleep architecture observed between mole rats and other rodents (see chapter
4).
To further understand the puzzling nature of increased numbers of orexinergic
neurons that was associated with lower body mass in the arrhythmic chronotype
compared to the rhythmic chronotype, a study concurrently measuring the locomotor and
resting metabolic rates of the brain and peripheral body tissues may provide a more clear
understanding of the role of orexin in the brain of distinct circadian chronotypes.
Furthermore, single unit recordings from hypothalamic orexinergic meurons in the brains
of distinct circadian chronotypes during normal behaviour, induced fasting behaviour and
hyperphagic behaviour may shed light on the level of activity of, and possible role of,
orexinergic neurons in motivated behaviour. Similar single unit recordings of
hypothalamic orexinergic neurons in the brains of distinct circadian chronotypes of mole
rat during waking, SWS and REM may shed light on the level of orexinergic activity
during physiologically defined sleep and wake states. These single unit recordings may
indicate whether orexins in the brains of circadian chronotypes are more closely
associated with arousal and maintenance of wakefulness or regulation of appetite and
increased food intake. It could also be possible that orexins play a role in both these
processes, but additional understanding of metabolic rate in distinct circadian
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chronotypes of mole rats could provide an answer to the finding of elevated numbers of
orexinergic neurons in arrhythmic mole rats. Additional single unit recordings of
calbindin, calretinin and parvalbumin GABAergic activity in relation to the activity of
wake promoting neurons of the basal forebrain, hypothalamus and pontine region during
sleep and wake states may provide a better understanding of the sleep-wake cycle in
distinct circadian chronotypes of mole rat as well as shed more light on the mechanisms
of action of the calcium binding GABAergic interneurons.
The African mole rats are clearly very unusual creatures in many respects.  Given
that the Bathyergidae are an evolutionary successful radiation of the rodents and that
many of the unusual aspects of their anatomy and physiology have been determined,
future studies of mole rats could serve to test hypotheses regarding sleep and circadian
rhythm in very specific ways.
7.3 Limitations
One limitation that may arise from this thesis is the comparison between species
across studies. Whilst neuroanatomically such comparisons are possible under the
argument of phylogenetic constraint it is more difficult when drawing conclusions
between neuroanatomy and physiology. Therefore it would be useful in other studies
emerging from this thesis to increase the sample size in for example a study such as that
comparing neuronal numbers within species and between species.
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The distribution, morphology and nuclear subdivisions of the cholinergic, putative catecholaminergic
and serotonergic systems within the brains of two species of African mole-rat (Cape dune mole-rat –
Bathyergus suillus; highveld mole-rat – Cryptomys hottentotus pretoriae) were identified following
immunohistochemistry for acetylcholinesterase, tyrosine hydroxylase and serotonin. The aim of the
present study was to investigate possible differences in the complement of nuclear subdivisions of these
systems by comparing those of the mole-rats to published studies of other rodents. The mole-rats used
exhibit a major reduction of the visual system and live a subterranean lifestyle. These wild caught
animals also have differing social systems, the Cape dune mole-rat is strictly solitary whereas the
highveld mole-rat occurs in social familial units. While these differences, especially that of phenotype,
may lead to the prediction of significant differences in the nuclear complement of these systems, we
found that all nuclei identified in all three systems in the laboratory rat and other rodents had direct
homologs in the brains of themole-rats studied. Therewere no additional nuclei in the brains of themole-
rats that are not found in the laboratory rat or other rodents and vice versa. The mole-rats are
phylogenetically distant from the laboratory rat, but are still part of the order Rodentia. We conclude that
changes in the nuclear organization of the systems studied appear to demonstrate a form of constraint
related to the phylogenetic level of the order.
 2008 Elsevier B.V. All rights reserved.* Corresponding author at: School of Anatomical Sciences, Faculty of Health Sciences, University of the Witwatersrand, 7 York Road, Parktown, Johannesburg, Gauteng
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Abbreviations: III, oculomotor nucleus; IV, trochlear nucleus; Vmot,motor nucleus of trigeminal nerve; VI, abducens nucleus; VIId, facial nerve nucleus, dorsal; VIIv, facial
nerve nucleus, ventral; Vmes, fifth mesencephalic nucleus; X, dorsal motor vagus nucleus; XII, hypoglossal nucleus; 3V, third ventricle; 4V, fourth ventricle; A1, caudal
ventrolateral medullary tegmental nucleus; A2, caudal dorsomedial medullary nucleus; A4, dorsal medial division of locus coeruleus; A5, fifth arcuate nucleus; A6d, diffuse
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dorsal raphe nucleus, caudal division; DRd, dorsal raphe nucleus, dorsal division; DRif, dorsal raphe nucleus, interfascicular division; DRl, dorsal raphe nucleus, lateral
division; DRv, dorsal raphe nucleus, ventral division; DRp, dorsal raphe nucleus, peripheral division; DT, dorsal thalamus; EW, Edinger–Westphal nucleus; f, fornix; GC,
central periaqueductal grey matter; GP, globus pallidus; Hbl, habenular nucleus, lateral; Hbm, habenular nucleus, medial; HIP, hippocampus; Hyp, hypothalamus; Hyp.d,
dorsal hypothalamic cholinergic nucleus; Hyp.l, lateral hypothalamic cholinergic nucleus; Hyp.v, ventral hypothalamic cholinergic nucleus; IC, inferior colliculus; ic, internal
capsule; io, inferior olive; IP, interpeduncular nucleus; Is.Call/TOL, islands of Calleja and olfactory tubercule; LDT, laterodorsal tegmental nucleus; LV, lateral ventricle; MnR,
median raphe nucleus; mtf, cholinergic medullary tegmental field; N.Acc, nucleus accumbens; N.Amb, nucleus ambiguus; N.Bas, nucleus basalis; NEO, neocortex; OB,
olfactory bulb; pVII, preganglionic motor neurons of the superior salivatory nucleus or facial nerve; pIX, preganglionic motor neurons of the inferior salivatory nucleus; P,
putamen nucleus; PBg, parabigeminal nucleus; PC, cerebral peduncle; Pg, pineal gland; PIR, piriform cortex; PPT, pedunculopontine tegmental nucleus; py, pyramidal tract; R,
thalamic reticular nucleus; RMg, raphemagnus nucleus; ROb, raphe obscurus nucleus; RPa, raphe pallidus nucleus; RVL, rostral ventrolateral serotonergic group; SC, superior
colliculus; scp, superior cerebellar peduncle; Sep, septum; Sep.M, medial septal nucleus; TOL, olfactory tubercle; vh, ventral horn; VPO, ventral pons.
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Fig. 1. Photographs of the two mole-rat species investigated. (A) Highveld mole-rat
(Cryptomys hottentotus). (B) Cape dune mole-rat (Bathyergus suilius). Note the
unusual phenotype associated with a subterranean lifestyle and the greatly
reduced, though still present, eyes.
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Nearly half of all knownmammalian species, over 2300, belong
within the order Rodentia (Jansa and Weksler, 2004). Of these, the
laboratory rat and mouse are the most commonly used animal
models in modern neuroscience (Manger et al., in press); however,
the extent to which the brains of these two species are
representative of rodents, mammals, or indeed humans remains
unclear. While there are many similarities, the differences are also
quite significant, and knowledge of these similarities and
differences in the structure of the brain within rodents is essential
in aiding interpretation of the often-extrapolated findings based on
studies of neural systems of laboratory rat and mouse to humans
and other mammals. The question that might be posed here is: are
the laboratory rodents always the best model animal to use when
attempting to understand aspects of human brain function or
dysfunction?
A recent study detailing the occurrence of cholinergic neurons
in the cerebral cortex of various species of rodent revealed that
these neurons were present in the cortex of members of the sub-
family Muridae, but absent in the cortex of other species of rodent
including the highveld mole-rat (Bhagwandin et al., 2006).
However, a number of studies of two immunohistochemically
identifiable neural systems (the catecholaminergic and seroto-
nergic systems) within the subcortical regions of the brain of
various rodents, such as the laboratory rat (Dahlstro¨m and Fuxe,
1964; Fuxe et al., 1969, 1970; Lindvall and Bjo¨rklund, 1974;
Bjo¨rklund and Lindvall, 1984; Steinbusch, 1981; Ho¨kfelt et al.,
1976, 1984; To¨rk, 1990), laboratory mouse (Ruggerio et al., 1984;
Daszuta and Portalier, 1985; Ishimura et al., 1988; Le´ger et al.,
1998; Satoh et al., 1991; D’Este et al., 2007), highveld mole-rat (Da
Silva et al., 2006), grass rat (Mahoney et al., 2007), guinea pig
(Mulders and Roberston, 2005), hamster (Vincent, 1988), Mon-
golian gerbil (Janusonis et al., 1999, 2003; Janusonis and Fite,
2001), Chilean degus (Fite and Janusonis, 2001), highveld gerbil
(Moon et al., 2007) and greater canerat (Dwarika et al., 2008), have
all demonstrated that the nuclear organization of these systems
are the same despite differences in phenotype, life history and
many millions of years since the occurrence of the most recent
common ancestor.
It has been hypothesised that irrespective of brain size,
phenotype or life history, those species of the same mammalian
order will exhibit the same complement of homologous nuclei, at
the systems level of organization, for the imunohistochemically
identifiable neuronal systems (Manger, 2005). Recent studies in
rodents have shown that despite major increases in brain size
(Dwarika et al., 2008), large phylogenetic distances (Da Silva et al.,
2006; Moon et al., 2007; Dwarika et al., 2008), and substantive
differences in phenotype (Da Silva et al., 2006; Moon et al., 2007;
Dwarika et al., 2008), the nuclear organization of the catechola-
minergic and serotonergic systems was identical. The cholinergic
system has yet to be examined fully in this comparative sense,
apart from the cortical cholinergic neurons (Bhagwandin et al.,
2006); however, it may be predicted that all rodent species will
show the same complement of homologous nuclei for the
cholinergic system, as seen thus far for the catecholaminergic
and serotonergic systems.
The current study extends the earlier work of Da Silva et al.
(2006) by using two species of mole-rat, the highveld mole-rat
(Cryptomys hottentotus pretoriae) and the Cape dune mole-rat
(Bathyergus suillus) (Fig. 1), and examining the entire brain of each
using immunohistochemistry for choline acetyltransferase, tyr-
osine hydroxylase and serotonin. This allows us to describe the
nuclear organization and neuronalmorphology of the cholinergic,
putative catecholaminergic and serotonergic systems. Bothspecies studied have a greatly reduced visual system (Oelschla¨ger
et al., 2000; Cernuda-Cernuda et al., 2003; Nemec et al., 2004), are
subterranean and rarely exposed to light, and appear to have a
free-running circadian activity oscillator (Lovegrove and Papen-
fus, 1995; Lovegrove and Muir, 1996; Negroni et al., 2003;
Oosthuizen et al., 2003; Gutjahr et al., 2004). These unusual
phenotypic and physiological features, combined with the
phylogenetic distance of both species to the laboratory rat
(Adkins et al., 2003; Faulkes et al., 2004), will provide a strong
phenotypic and phylogenetic test of the hypothesis proposed by
Manger (2005). If the prediction of Manger (2005) is supported,
the nuclear organization of the systems under study will be
identical to that seen in the laboratory rat; however, the
phenotypic differences may be reflected in changes such as a
reduction in total neuronal numbers within specific nuclei as
demonstrated previously for the highveldmole-rat (Da Silva et al.,
2006).
2. Materials and methods
The brains of six adult male highveld mole-rats (C. hottentotus pretoriae) (Fig. 1A)
and six adult male Cape dunemole-rats (B. suillus) (Fig. 1B) were used in the current
study. All animals were treated and used according to the guidelines of the
University of the Witwatersrand Animal Ethics Committee, which parallel those of
the NIH for the care and use of animals in scientific experimentation. The highveld
mole-rats were captured within the north-eastern portion of Gauteng Province,
South Africa, while the Cape dunemole-rats were caught in themetropolitan region
of Cape Town, South Africa, both under the permission of the relevant Nature
Conservation Directorates. The mole-rats were placed under deep barbiturate
anaesthesia (Euthanaze, 200 mg sodium pentobarbital/kg, i.p.), and then perfused
intracardially upon cessation of respiration. The perfusion was initially done with a
rinse of 0.9% saline solution at 4 8C, followed by a solution of 4% paraformaldehyde
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each solution). Brainswere then removed from the skull and post-fixed overnight in
4% paraformaldehyde in 0.1 M PB, and then allowed to equilibrate in 30% sucrose in
0.1 M PB. The brains were then frozen and sectioned into serial coronal and sagittal
sections of 50 mm thickness. A one in five series of stainswasmade for Nissl, myelin,
choline-acetyltransferase (ChAT), tyrosine hydroxylase (TH), and serotonin (5HT).
Sections kept for the Nissl series were mounted on 0.5% gelatine coated glass slides,
cleared in a solution of 1:1 chloroform and absolute alcohol, then stained with 1%
cresyl violet to reveal cell bodies. Myelin sections were stored in 5% formalin for a
period of two weeks and were then mounted on 1% gelatine coated glass slides and
subsequently stained with silver solution to reveal myelin sheaths (Gallyas, 1979).
For immunohistochemical staining the sections were first treated for 30 min
with an endogenous peroxidase inhibitor (49.2% methanol:49.2% of 0.1 M PB:1.6%
of 30% H2O2) followed by three 10 min rinses in 0.1 M PB. This was followed by a 2 h
pre-incubation, at room temperature, in a solution (blocking buffer) containing 3%
normal goat serum (NGS) for serotonin and TH but 3% normal rabbit serum (NRS)
for ChAT sections, 2% bovine serum albumin (BSA, Sigma), and 0.25% Triton X-100
(Merck) in 0.1 M PB. The sections were then placed in a primary antibody solution
containing the appropriately diluted antibody in blocking buffer (as described
above) for 48 h at 4 8C under constant gentle shaking. To reveal cholinergic neurons
we used anti-cholineacetyltransferase (AB144P, Chemicon, raised in goat) at a
dilution of 1:1500. To reveal putative catecholaminergic neurons we used anti-
tyrosine hydroxylase (TH) (AB151, Chemicon, raised in rabbit) at a dilution of
1:6000. To reveal serotonergic neurons we used anti-serotonin (AB938, Chemicon,
raised in rabbit) at a dilution of 1:7500. This step was followed by three 10 min
rinses in 0.1 M PB, after which the sections were incubated in a secondary antibody
for 2 h. The secondary antibody solution contained a 1:500 dilution of biotinylated
anti-rabbit IgG (BA-1000, Vector Labs) in 3% NGS (or anti-goat IgG, BA-5000 in 3%
NRS for the ChAT sections), and 2% BSA in 0.1 M PB. After three 10 min rinses in
0.1 M PB, the sections were incubated for 1 h in AB solution (Vector Labs), and again
rinsed. The sections were then treated in a solution of 0.05% diaminobenzidine
(DAB) in 0.1 M PB for 5 min, following which 3 ml of 30% H2O2 was added to each
1 ml of solution in which each section was immersed. Staining development was
monitored visually and checked under a low power stereomicroscope. This was
allowed to continue until the background staining was at a level at which it could
assist reconstruction without obscuring the immunopositive neurons. Develop-
ment was then arrested by placing the sections in 0.1 M PB, and then rinsed twice
more in the same solution. Sections were mounted on glass slides coated with 0.5%
gelatine and left to dry overnight. They were then dehydrated in a graded series of
alcohols, cleared in xylene, and coverslipped with Depex. Two controls were
employed in the immunohistochemistry, including the omission of the primary
antibody, and omission of the secondary antibody in selected sections from which
no staining was evident.
The sections were observed with a low power stereomicroscope, and the
architectonic borders of the sections traced according to the Nissl and myelin
stained sections using a camera lucida. The immuno-stained sections were then
matched to the drawings and the immuno-positive neurons marked. The drawings
were then scanned and redrawn using the Canvas 8 drawing program. The
nomenclature used for the cholinergic system was adopted from Woolf (1991),
Manger et al. (2002a), Maseko and Manger (2007), and Maseko et al. (2007), the
putative catecholaminergic system from Dahlstro¨m and Fuxe (1964), Ho¨kfelt et al.
(1984), Smeets and Gonza´lez (2000), Manger et al. (2002b), Maseko and Manger
(2007), Maseko et al. (2007), Moon et al. (2007), and Dwarika et al. (2008) and for
the serotonergic system from To¨rk (1990), Bjarkam et al. (1997), Manger et al.
(2002c), Maseko and Manger (2007), Maseko et al. (2007), Moon et al. (2007), and
Dwarika et al. (2008). While we use the standard nomenclature for the
catecholaminergic system in this paper, we realise that the neuronal groups we
revealed with tyrosine hydroxylase immunohistochemistry may not correspond
directly with these nuclei as has been described in previous studies by Dahlstro¨m
and Fuxe (1964), Ho¨kfelt et al. (1976), Meister et al. (1988), Kitahama et al. (1990,
1996), and Ruggiero et al. (1992). However, given the striking similarity of the
results of the tyrosine hydroxylase immunohistochemistry to that seen in other
mammals we feel this terminology is appropriate. Clearly further studies in the
mole-rat species used with a wider range of antibodies, such as those to
phenylethanolamine-N-methyltransferase (PNMT), dopamine-b-hydroxylase
(DBH) and aromatic L-amino acid decarboxylase (AADC) would be required to
fully determine the implied homologies ascribed in this study. We address this
potential problem with the caveat of putative catecholaminergic neurons where
appropriate in the text.
3. Results
In the current study the cholinergic, putative catecholami-
nergic, and serotonergic systems of two species of mole-rat were
visualised using immunohistochemical techniques. The two
species of mole-rat used, the highveld mole-rat (C. hottentotus
pretoriae) and the Cape dune mole-rat (B. suillus) (Fig. 1), whilebeing closely related (Bennett and Faulkes, 2000), differ
substantially in both body and brain mass, where the Cape
dune mole-rats had an average body mass of 965 g and an
average brain mass of 3.4 g, while the highveld mole-rats had an
average body mass of 86.5 g and an average brain mass of 1.5 g.
Our analysis of these systems indicated extreme similarity in
terms of both nuclear organization and neuronal morphology,
thus the following description applies to both species unless
otherwise specified. Moreover, the cohort of nuclei described in
the present study for the two species of mole-rat does not differ
from observations previously provided for these systems in other
rodent species (e.g. Da Silva et al., 2006; Moon et al., 2007;
Dwarika et al., 2008).
3.1. Cholinergic neurons
The cholinergic system of mammals is most often divided into
striatal, basal forebrain, diencephalic, and pontomesencephalic
groups, as well as the motor cranial nerve nuclei (Woolf, 1991;
Manger et al., 2002a; Maseko et al., 2007). Each of these groups
contains a cluster of distinct nuclei that are found throughout the
brain from the level of the anterior horn of the lateral ventricle
through to the spino-medullary junction. The mole-rats investi-
gated showed no specific differences to this general mammalian
organizational plan.
3.1.1. Striatal cholinergic interneurons
3.1.1.1.Nucleus accumbens. A cluster of choline acetyltransferase
immunopositive (ChAT+) neurons located ventral to the dorsal
striatopallidal complex (caudate, putamen, globus pallidus, see
below) was designated as the nucleus accumbens. The anterior
border of this nucleus was coincident with the anterior border of
the lateral ventricle and the posterior border was located at the
level of the anterior commissure (Figs. 2D–F and 3C–E). The
location of the nucleus accumbens in the mole-rat species studied
is typical of all mammals (Woolf, 1991; Manger et al., 2002a;
Maseko et al., 2007). There was a moderate density of ChAT+
neurons throughout this nucleus and the cell bodies were ovoid in
shape. These neurons evinced a varying mixture of bipolar and
tripolar types and showed no specific dendritic orientation
(Fig. 4A).
3.1.1.2.Dorsal striatopallidal complex—caudate/putamen and globus
pallidus. This nuclear complex was located between the level of
the anterior border of the lateral ventricle (anteriorly) and at the
level of the habenular nuclei (posteriorly) within the cerebral
hemisphere (Figs. 2D–I and 3C–H). It is not until the level of the
globus pallidus that the caudate and putamen form distinct
nuclei that are clearly split by the internal capsule. A moderate
density of ChAT+ interneurons were observed throughout the
caudate and putamen. Within the ventral portion of the globus
pallidus, at its borders with the putamen and nucleus basalis (see
below), a small number of ChAT+ neurons were observed. The
ChAT+ neurons were ovoid in shape, mostly bipolar, but with
some multipolar forms, and showed no specific dendritic
orientation (Fig. 4A).
3.1.1.3.Islands of Calleja and olfactory tubercle. These nuclei were
found in the ventral most portion of the anterior part of the
telencephalon deep to the nucleus accumbens from the level of the
anterior pole of the lateral ventricle to the level of the globus
pallidus (Figs. 2D–F and 3C–E). A moderate density of ChAT+
neurons was observed throughout the olfactory tubercle with
some clustering of neurons in the ventral most portions
representing the islands of Calleja. The cell bodies were ovoid in
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a weak mediolateral dendritic orientation.
3.1.2. Cholinergic nuclei of the basal forebrain
3.1.2.1.Medial septal nucleus. This nucleuswas located in the rostral
half of the medial wall of the cerebral hemispheres within the
septal nuclear complex below the rostrum of the corpus callosum
in a position dorsal to the diagonal band of Broca (see below)
(Figs. 2E & 3E and F). A moderate to high density of ChAT+ neurons
was found throughout this nucleus. The ChAT+ neuronswere ovoid
in shape, a varying mixture of bi- and multipolar types, and had a
rough dorsoventral orientation of the dendrites.
3.1.2.2.Diagonal band of Broca. The diagonal band of Broca was
located in the ventromedial corner of the cerebral hemispheres in a
position anterior to the hypothalamus (Figs. 2D and E & 3D–F). AFig. 2. Serial drawings of coronal sections through one half of the Cape dunemole-rat bra
regions were drawn using nissl and myelin stains and immunoreactive cells marked on
catecholaminergic neurons (those immunoreactive for tyrosine hydroxylase) and open
individual neuron. The figures are approximately 1500 mm apart. See list for abbreviatmoderate to high density of ChAT+ neurons was found throughout
this nucleus. The neuronal cells of this nucleus were slightly larger
than those of adjacent cholinergic groups but they maintained an
ovoid shape and were a mixture of bi- and multipolar types
(Fig. 4A). The dendrites were oriented parallel to the ventromedial
edge of the cerebral hemisphere. It was possible to divide this
nucleus into both horizontal and vertical limbs, but this was not
deemed necessary since it would not add any value to the
description.
3.1.2.3.Nucleus basalis. ChAT+ neurons located ventral to the
anterior pole of globus pallidus at the level of the anterior
commissure as well as in a position ventral to globus pallidus and
caudal to the olfactory tubercle were assigned to the nucleus
basalis (Figs. 2F–I and 3F–H). A varying density, from low to high, of
ChAT+ neurons was seen throughout this region. At the caudal
region of this nucleus the neurons appear to be continuous within, from the olfactory bulbs through to themedulla. The outlines of the architectonic
the drawings. Solid black circles depict cholinergic neurons, solid triangles depict
squares depict serotonergic neurons. Each circle, triangle or square represents an
ions.
Fig. 2. (Continued ).
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These ChAT+ neuronswere amixture of ovoid and fusiform shapes,
showed a varying combination of bi- and multipolar types, and
evinced no specific dendritic orientation.
3.1.3. Diencephalic cholinergic nuclei
3.1.3.1Medial habenular nucleus. The medial habenular nucleus,
which contained a dense aggregation of ChAT+ neurons, formed
part of the epithalamus and was located in the dorsomedial aspect
of the diencephalon adjacent to the third ventricle (Figs. 2I & 3H
and I). The ChAT+ neurons in this nucleus were round and small in
shape, and due to the dense packing itwas impossible to determine
if there was any specific dendritic orientation (Fig. 4B). The axons
emanating from these neurons formed the distinct fasciculus
retroflexus that was visible with ChAT immunoreactivity along its
entire trajectory to the interpeduncular nucleus.
3.1.3.2.Dorsal hypothalamic group. Located within the dorsomedial
aspect of the hypothalamus between the third ventricle and the
fornix, a cluster of ChAT+ neurons, intermingled with those of the
A15D nucleus (see below) was designated as the dorsal hypotha-lamic cholinergic group (Figs. 2G–I and 3I–K). The ChAT+ neurons
were sparsely populated within this nucleus and they were also
not intensely ChAT immunoreactive (in comparison to other
immunoreactive neurons). These ChAT+ neurons were round to
fusiform in shape and showed no specific dendritic orientation.
3.1.3.3.Lateral hypothalamic group. This nucleuswas locatedwithin
the dorsolateral portion of the hypothalamus, lateral to the fornix,
and contained palely stained ChAT+ neurons, in a low to moderate
density (Figs. 2H and I & 3J and K). The neurons forming this
nucleus were intermingled with those of A13 nucleus (see below).
The cell bodies of the ChAT+ neurons were ovoid in shape, bipolar
in type and exhibited no specific dendritic orientation.
3.1.3.4.Ventral hypothalamic group. The ChAT+ neurons represent-
ing this nucleus were located in the ventral portion of the
hypothalamus andwere intermingledwith neurons of the A12 and
A15v nuclei (see below), respectively (Figs. 2H and I & 3J). At the
midline a moderate density of ChAT+ neurons were found, but the
density decreased steadily with distance from the midline. The
neuronal bodies were round, bipolar in type, and exhibited a rough
mediolateral dendritic orientation.
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3.1.4.1.Parabigeminal nucleus. Located at the very lateral aspect of
the pontine tegmentum, ventral to the inferior colliculus, was a
small cluster of ChAT+ neurons that were assigned to the
parabigeminal nucleus (Fig. 3N). As previously reported (Da Silva
et al., 2006) there were less than10 neurons in this nucleus in the
highveld mole-rat, but up to approximately 50 neurons could be
observed in this nucleus in the larger-brained Cape dune mole-rat.
The neuronswere palely stained as reported previously for rodents
(Woolf, 1991) and specifically the highveldmole-rat (Da Silva et al.,
2006), were found in a very low density, appeared ovoid in shape,
were bipolar and showed no specific dendritic orientation.
3.1.4.2.Pedunculo-pontine tegmental (PPT) nucleus. The ChAT+
neurons comprising the PPT nucleus were located within the
dorsal aspect of the pontine tegementum immediately inferior to
the superior cerebellar peduncle, from the level of the oculomotor
nucleus to the trigeminal motor nucleus, a position that is typicalig. 3. Serial drawings of coronal sections through one half of the highveldmole-rat brain, from the olfactory bulbs through to themedulla. Conventions as in Fig. 2. The figuresF
are approximately 750 mm apart. See list for abbreviations.of all mammals (Figs. 2N and O & 3M–O) (Woolf, 1991; Manger
et al., 2002a; Maseko et al., 2007). A moderate to high density of
intensely reactive ChAT+ neurons were found throughout the
region. The cell bodies of the ChAT+ neurons were of a mixture of
varying shapes, and the neurons themselves expressed a mixture
of bi- and multipolar types, with no specific dendritic orientation
irrespective of polarity (Fig. 4C).
3.1.4.3.Laterodorsal tegemental (LDT) nucleus. A cluster of ChAT+
neurons located within the ventrolateral portion of the peri-
aqueductal and periventricular greymatter, immediately caudal to
the oculomotor nucleus were classified as belonging to the LDT
nucleus (Figs. 2N and O & 3N and O). These neurons were seen to
interminglewith the caudal-most neurons of the diffuse division of
the locus coeruleus (A6d) neurons (see below). A moderate to high
density of ChAT+ neurons were found throughout this region. The
cell bodies were a mixture of ovoid and other shapes, mostly
multipolar in type, with a predominant dorsomedial to ventro-
lateral dendritic orientation (Fig. 4C).
Fig. 3. (Continued ).
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These nucleiwere found in positions typical of allmammals and
all contained large multipolar motor neurons (Woolf, 1991;
Manger et al., 2002a; Maseko et al., 2007). The ChAT+ nuclei
identified in bothmole-rat species include: a fused oculomotor (III)
and trochlear (IV) nucleus (Fig. 4D), motor division of the
trigeminal (Vmot), adbucens (VI), dorsal and ventral subdivisions
of the facial (VIId and VIIv), nucleus ambiguus, dorsal motor vagus
(X), hypoglossal (XII), Edinger–Westphal (EW), medullary tege-
mental field (mtf) and the preganglionic motor neurons of the
salivatory (pVII) and the glossopharyngeal (pIX) nerves (Figs. 2M–
V and 3L–U). The few, small, round, palely stained ChAT+ neurons
of the Edinger–Westphal nucleus, a primarily visual structure,
were located in the midline between the fused oculomotor and
trochlear nuclei and this nucleus was generally very reduced in
size compared to other mammals. ChAT+ neurons found belonging
to the pVII and pIX nerves were located in a region dorsal to thedorsal division of the facial nucleus and ventral to the abducens
and dorsal motor vagus nuclei in the medullary tegmentum and
evince a similar morphology to all other motor neurons. Caudal to
these, cholinergic neurons of a similar morphology were assigned
to the medullary tegmental field.
3.2. Putative catecholaminergic nuclei
Tyrosine hydroxylase immunoreactive neurons (TH+), classi-
fied in this study as putative catecholaminergic neurons (see
above), formed a number of identifiable nuclear complexes and
nuclei that were found throughout the brains of the mole-rats
studied extending from the olfactory bulbs to the spinomedullary
junction. The locations of these nuclear complexes and nuclei were
identical to those seen in other rodents and other mammals, and
divisible into distinct regional clusters including the olfactory bulb,
diencephalic, midbrain, pontine and medullary nuclei. For
Fig. 4. Photomicrographs showing neuronal groups that are immunoreactive for choline acetyltrasnferase in the brain of the highveld mole-rat. (A) Basal forebrain showing
the diagonal band of Broca (Diag.B.) located below the septal region (Sep) andmedial to the nucleus accumbens (N.Acc.), lateral ventricle (LV) and head of the caudate nucleus
(C). (B) The densely populated medial habenular nucleus (Hbm) located between the third ventricle (3V) and the lateral habenular nucleus (Hbl) in the dorsal diencephalon.
(C) The laterodorsal tegemental (LDT) and pedunculopontine tegmental (PPT) nuclei in the dorsal pontine region ventral to the fourth ventricle (4V). (D) The merged
oculomotor (III) and trochlear (IV) nuclei located in the midbrain. ca: cerebral aqueduct. Scale bar in B = 500 mm. Scale bar in D = 1 mm and applies to A, C and D.
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Dahlstro¨m and Fuxe (1964) and Ho¨kfelt et al. (1984). No putative
catecholaminergic nuclei outside the bounds of the classically
defined nuclei (e.g. Smeets and Gonza´lez, 2000) were found.
3.2.1. Olfactory bulb (A16)
A high density of TH+ neurons, probably representing
periglomerular dopaminergic interneurons were found within
the stratum granulosumof the olfactory bulb (Figs. 2A and 3A). The
cell bodies were ovoid to triangular in shape, small in size,
multipolar and were found surrounding the glomeruli, especially
so the deeper aspect. A dense dendritic network emanating from
these neurons was seen to surround the glomeruli.
3.2.2. Diencephalic nuclei
Six clusters of TH+ neurons, forming distinct nuclei, were
observed within the hypothalamus, these being: the anterior
hypothalamic group, dorsal division (A15d); the anterior
hypothalamic group, ventral division (A15v); the rostral periven-
tricular cell group (A14); the zona incerta (A13); the tuberal cell
group (A12); and the caudal diencephalic group (A11) (Figs. 2G–K
and 3H–K). Within the dorsal anterior portion of the hypotha-
lamus, between the third ventricle and the fornix intermingled
with cholinergic neurons of the dorsal hypothalamic group (see
above), a moderate density of TH+ neurons representing the A15d
nucleus was found. These neurons were ovoid in shape, bipolar
and showedamostlymediolateral dendritic orientation. TheA15v
nucleus was located in the ventrolateral portion of the hypotha-lamus close to the floor of the brain. A low to moderate density of
TH+ neurons was found in this region and the cell bodies of these
were ovoid in shape, bipolar, with a dendritic orientation running
parallel to the floor of the hypothalamus (Fig. 5D). TH+ neurons
assigned to the A14 nucleus were found in bilateral low to
moderately densely packed columns adjacent to the lateral edges
of the third ventricle. The cell bodies were ovoid in shape,
predominantly bipolar but there were some multipolar neurons,
and exhibited a dendritic orientation, for themost part, parallel to
the lateral wall of the third ventricle (Fig. 5C). Within the
dorsolateral aspect of the hypothalamus, lateral to the fornix and
intermingling with the zona incerta of the ventral thalamus and
the cholinergic neurons of the lateral hypothalamic group (see
above) was a small number of TH+ neurons that were assigned to
the A13 nucleus. These neurons appeared to form a lateral
continuation of the A15d neurons and showed a similar ovoid,
bipolar morphology with a mediolateral dendritic orientation.
TH+ neurons assigned to the A12 nucleus were found in the
ventral medial portion of the hypothalamus, surrounding and
below the floor of the third ventricle in the vicinity of the arcuate
nucleus. These neurons were ovoid, bipolar and showed a
dendritic orientation either parallel to the floor of the hypotha-
lamus or the wall of the third ventricle (Fig. 5D). Within the
hypothalamic grey matter adjacent to the posterior pole of the
third ventricle, a moderate density of TH+ neurons were located
and these formed the A11 nucleus. For the most part, these
neurons were ovoid and bipolar with a dorsoventral dendritic
orientation (Fig. 5A and B).
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3.2.3.1.Ventral tegmental area nuclei (VTA, A10 complex). In the
medial portion of the tegmentumof themidbrain at the level of the
oculomotor nucleus, a nuclear complex containing four nuclei
(A10: ventral tegmental area; A10c: ventral tegmental area
central; A10d: ventral tegmental area dorsal; A10dc: ventral
tegmental area dorsal caudal) was found. These nuclei extended
fromwithin the periaqueductal grey matter around the base of the
aqueduct, into the tegmentum below the periaqueductal grey
matter around the midline, through to and around the inter-
peduncular nucleus (Figs. 2K–M and 3K–M). A high density of TH+
neurons, found dorsal and dorsolateral to the interpeduncular
nucleus, between this nucleus and the root of the oculomotorFig. 5. Photomicrographs showing neuronal groups that are immunopositive for tyrosine
C and D are from the brain of the Cape dune mole-rat, and B, E and F are from the highve
A11, ventral tegmental area, dorsal caudal nucleus (A10dc) and ventral tegmental area, do
(A14) in the Cape dune mole-rat. (D) The ventral division of the anterior hypothalamic gr
D = 500 mm and applies to A–D. (E) Some nuclei of the ventral tegmental area (A10, A10c
nuclei of the locus coeruleus complex (A6d, A7sc and A7d) in the highveld mole-rat. Scale
cerebral peduncle; IP: interpeduncular nucleus; Vmes: fifth mesencephalic nucleus.nerve (IIIn), was assigned to the A10 nucleus. These neurons were
ovoid in shape, bipolar in type and the dendrites were oriented
parallel to the edge of the interpeduncular nucleus (Figs. 5E and 6).
Immediately dorsal to the interpeduncular nucleus intermingled
with neurons of the CLi (see below), in a location just anterior to
the decussation of the superior cerebellar peduncle, was a dense
cluster of ovoid, bipolar TH+ neurons forming the A10c nucleus
(Figs. 5E and 6). The dendrites of these neurons were oriented
parallel to the dorsal margin of the interpeduncular nucleus.
Immediately dorsal to A10c, between it and the oculomotor
nucleus, was a dense bilateral parasagittal cluster of ovoid, bipolar
TH+ neurons, with a dorsoventral dendritic orientation, that
formed the A10d subdivision (Figs. 5B and E & 6). The TH+ neurons
assigned to the A10dc nuclear complex were found within thehydroxylase in the diencephalon,midbrain and pons of themole-rat brain. Images A,
ld mole-rat. (A) The caudal diencephalic group (A11) in the Cape dune mole-rat. (B)
rsal nucleus (A10d) in the highveldmole-rat. (C) The rostral periventricular nucleus
oup (A15v) and the tuberal cell group (A12) in the Cape dune mole-rat. Scale bar in
, A10d) and substantia nigra (A9m, A9pc and A9l) in the highveld mole-rat. (F) Some
bar in F = 1 mm and applies to E and F. 3V: third ventricle; 4V: fourth ventricle; PC:
Fig. 6. Photomontage of the nuclear organization of the ventral tegmental area (A10,
A10c, A10d andA10dc) and the substantia nigra (A9m,A9pc, A9l and A9v) in the Cape
dune mole-rat as revealed using tyrosine hydroxylase immunohistochemistry. Scale
bar = 1 mm. ca: cerebral aqueduct; PC: cerebral peduncle; DT: dorsal thalamus; GC:
periaqueductal grey matter.
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ventral half of the cerebral aqueduct. A moderate density of small
neurons was seen in this region and the cell bodies were ovoid in
shape, a mixture of bi- and multipolar types with a dendritic
orientation running parallel to the edge of the cerebral aqueduct
(Figs. 5B and 6). The number of neurons in the A10dc nucleus
appear to be far more numerous and widespread in the Cape dune
mole-rat when compared with the highveld mole-rat (Fig. 7).
3.2.3.2.Substantia nigra (A9). The substantia nigra nuclear complex
was located in the ventral and lateral portions of the midbrain
tegmentum, lying just dorsal to the cerebral peduncles. Evidence
for four distinct nuclei namely, the substantia nigra, pars compacta
(A9pc), substantia nigra, ventral or pars reticulata (A9v), substantia
nigra, pars lateralis (A9l) and substantia nigra, parsmedialis (A9m),
were foundwithin the A9 complex (Figs. 2J–M and 3J–L). A9pc was
seen to be a dense band of TH+ neurons that ran from medial to
lateral immediately dorsal to the cerebral peduncle. The neuronsFig. 7. Photomicrographs of the dorsal caudal nucleus of the ventral tegmental area (A1
expression of this nucleus in the Cape dune mole-rat compared with the highveld mole-
this nucleus should be sowell expressed in the Cape dunemole-rat in comparison to othe
GC: periaqueductal grey matter.were ovoid in shape, bipolar in type and showed a dendritic
orientation parallel to the mediolateral orientation of the band
(Figs. 5E and 6). Within the dorsal portion of the cerebral peduncle
ventral to A9pc, occasional TH+ neurons that were ovoid in shape,
bipolar in type, with no specific dendritic orientation, were
assigned to the A9v nucleus (Fig. 6). Not many neurons were
evident in this nucleus in either species. At the lateral edge of A9pc,
a loose aggregation of ovoid, bipolar TH+ neurons formed the A9l
nucleus (Figs. 5E and 6). Within this nucleus the neurons were
moderate in density and showed no specific dendritic orientation.
Medial to A9pc and lateral to the root of the oculomotor nerve
(IIIn), a dense cluster of ovoid, bipolar TH+ neuronswith no specific
dendritic orientation, formed the A9m subdivision (Figs. 5E and 6).
3.2.3.3.Retrorubal nucleus (A8). Scattered throughout the midbrain
tegmentum, in a position caudal to the magnocellular division of
the red nucleus and dorsal to the A9 complex, was a sparsely
packed but relatively numerous, cluster of TH+ neurons that
formed the A8 nucleus (Figs. 2M & 3L and M). The cells of this
region were ovoid in shape, a mixture of bipolar and multipolar
types and showed no specific dendritic orientation.
3.2.3.4.The locus coeruleus (LC) nuclear complex. Within the
pontine region a large number of TH+ neurons forming the locus
coeruleus complexwere readily identified in both species. In each
mole-rat investigated the locus coeruleus complex could be
readily subdivided into five nuclei, these being: the subcoeruleus
compact portion (A7sc), subcoeruleus diffuse portion (A7d), locus
coeruleus diffuse portion (A6d), fifth arcuate nucleus (A5), and
the dorsal medial division of locus coeruleus (A4) (Figs. 2N–P and
3O). Within the dorsal portion of the pontine tegmentum
adjacent to the ventrolateral region of the periaqueductal grey
matter, a tightly packed cluster of TH+ neurons represented the
A7 compact portion of the LC. This division is the same as what
was previously described as the subcoeruleus (Dahlstro¨m and
Fuxe, 1964; Olson and Fuxe, 1972). The cells were ovoid in shape,
bipolar in type and showed no specific orientation of the
dendrites (Fig. 5F). Ventral and lateral to the A7sc, a diffusely
organised aggregation of TH+ neurons formed the A7d nuclear
complex. These neurons are located both medially and laterally
around the trigeminal motor nucleus (Vmot). They are more
numerous in the cape dune mole-rat but this appears to be
related to the larger brain size rather than a specific increase in
number that may be interpreted as an adaptive increase in
neuronal number. The TH+ neurons of this region were ovoid in0dc) in the (A) Cape dune mole-rat and (B) highveld mole-rat. Note the significant
rat that has an A10dc nucleus similar to that seen in other rodents. It is unclear why
r rodents. Scale bar in B = 500 mmand applies to both A and B. ca: cerebral aqueduct;
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orientation (Fig. 5F). Within the ventrolateral portion of the
periventricular grey matter a loose to moderate density of TH+
neurons were assigned to the A6d nucleus. The neurons of this
group were not found adjacent to the wall of the fourth ventricle
as seen in the laboratory rat (Dahlstro¨m and Fuxe, 1964) but were
located in the ventrolateral half of the periventricular greymatter
as seen in other rodent species (Moon et al., 2007; Dwarika et al.,
2008). The neuronal morphology was again similar to that of
other nuclei in this complex; however there was a predominant
dendritic orientation in the dorsomedial to ventrolateral plane,
although many other dendrites were oriented in various other
directions (Fig. 5F).
In the ventrolateral pontine tegmentum lateral to the superior
olivary nucleus and lateral to Vmot and A7d, a small cluster of TH+
neurons formed the A5 nucleus. These neurons showed irregular
somal shapes, were mostly multipolar and formed a rough mesh-
like dendritic network around the ascending fascicles located
within the ventrolateral pontine tegmentum. Immediately adja-
cent to the wall of the fourth ventricle, in the dorsolateral portion
of the periaqueductal grey matter, a very few TH+ neurons
represent the A4 nucleus, which showed a similar morphology to
the neurons of the A6d nucleus.
3.2.3.5.Medullary nuclei. Within the medulla of both species we
found evidence for six putative catecholaminergic nuclei these
being: rostral ventrolateral tegmental group (C1), rostral
dorsomedial group (C2), rostral dorsal midline group (C3), caudal
ventrolateral tegmental group (A1), caudal dorsomedial group
(A2) and area postrema (AP) (Figs. 2Q–U and 3Q–T). The TH+
neurons forming the C1 nucleus were found in the ventrolateral
medulla from the level of the facial nerve nucleus to themid-level
of nucleus ambiguus. The neurons were found at a low density
throughout the region and the neuronal morphology was similar
to those found in the A5 group. Continuing in the ventrolateral
medulla, a column of TH+ neurons located laterally to the
posterior most part of the C1 nucleus and extending to the
spinomedullary junction, was designated as forming the A1
nucleus. The somata were irregular in shape, multipolar and
formed a mesh-like dendritic network around the ascending
fascicles. The A1 column was distinguished from the ventrolat-
eral C1 column by occupying a position lateral to the lateral
reticular nucleus and nucleus ambiguus, whereas C1 was located
medial to these structures.
In the dorsal part of the medulla, in the region of the anterior
part of the dorsal and medial border of the nucleus tractus
solitarius, a distinct cluster of numerous TH+ neurons was
designated as the C2 nucleus. Within this nucleus there was a
clear region close to the floor of the fourth ventricle termed the
dorsal strip and a continuation of this cluster into the region of the
tractus solitarius termed the rostral subdivision of the C2 nucleus.
Within the dorsal strip of C2 the neurons were ovoid in shape,
bipolar in appearance and showed a dendritic orientation parallel
to the floor of the fourth ventricle. In the rostral region the cells
were ovoid in shape, a varying mixture of bi- and multipolar types
and there was no specific orientation of the dendrites. Within the
dorsal medial medullary tegmentum at the midline, dorsal to the
raphe obscurus and close to the floor of the fourth ventricle, a small
number of TH+ neurons representing the C3 nucleus were found.
These neurons were ovoid in shape, bipolar in appearance and
showed a dorsoventral dendritic orientation. Between the caudal
portions of the dorsal motor vagus and hypoglossal cranial nerve
nuclei, a small number of TH+ neurons represented the A2 nucleus.
The cells bodies were ovoid in shape, with the neurons being
mostly bipolar, but there were a few multipolar neurons in thiscluster. These neurons showed a mediolateral orientation of the
dendrites. Some of these A2 neurons were located a small distance
into the dorsal caudal medullary tegmentum. Straddling the
midline, dorsal to the central canal and the dorsal motor vagus
nucleus, and between the most caudal region of the bilateral C2
nucleus, was a single large cluster of intensely stained TH+
neurons, the area postrema. These small round TH+ neurons were
very densely packed within this region and no particular dendritic
orientation could be identified.
3.3. Serotonergic nuclei
The serotonergic (5HT+) nuclei identified in the current study of
the mole-rats were the same as those previously identified in all
rodents and other eutherian mammals studied to date (Maseko
et al., 2007). The serotonergic nuclei were all located within the
brainstem and can be divided into a rostral and a caudal cluster.
Both of these clusters contained a number of distinct nuclei that
are found throughout the brainstem from the level of the
decussation of the superior cerebellar peduncle through to the
spinomedullary junction.
3.3.1. Rostral cluster
3.3.1.1.Caudal linear nucleus (CLi). This nucleus was the most
rostral of the serotonergic nuclei found in the brains of both species
of mole-rat studied. The 5HT+ neurons formed a cluster around the
midline immediately dorsal to the interpeduncular nucleus in a
location just anterior to the decussation of the superior cerebellar
peduncle (Figs. 2M and 3M). A moderate density of 5HT+ neurons
was seen throughout this region and the cell bodies were ovoid in
shape, bipolar and show a dorsoventral orientation of the dendrites
in the more dorsal parts of the nucleus but a mediolateral
orientation in the remainder of the nucleus.
3.3.1.2.Supralemniscal (B9) nucleus. The neurons forming this
nucleus appeared to be a lateral extension of the neuronal cluster
comprising the most ventral portion of CLi (see above). The 5HT+
B9 neurons were found immediately caudal to the A9pc (see
above) above the cerebral peduncle and extended as an arc of
neurons into the lateral and ventrolateral portion of the midbrain
tegmentum (Figs. 2N & 3M and N). The 5HT+ neurons exhibited a
low to moderate density throughout this nucleus and the cell
bodies were ovoid in shape, bipolar in type and exhibit a rough
mediolateral dendritic orientation parallel to the upper border of
the cerebral peduncle.
3.3.1.3.Median raphe (MnR). The median raphe nucleus was
characterised by two distinct, densely packed 5HT+ neuronal
columns on either side of the midline in a para-raphe position
(Figs. 2N–P and 3M–O). The rostral border of this nucleus was
coincident with the level of the decussation of the superior
cerebellar peduncle and the caudal border of this nucleus was
found at the level of the trigeminal motor nucleus (Vmot, see
above). The 5HT+ neurons in this nucleus exhibited cell bodies that
were ovoid in shape, bipolar, and had a mostly dorsoventral
dendritic orientation (Fig. 8C and D).
3.3.1.4.Dorsal raphe (DR) nuclear complex. Within the 5HT+
neuronal region designated as the dorsal raphe nuclear complex
there were six distinct nuclei, these being: the dorsal raphe
interfascicular (DRif) nucleus, dorsal raphe ventral (DRv) nucleus,
dorsal raphe dorsal (DRd) nucleus, dorsal raphe lateral (DRl)
nucleus, dorsal raphe peripheral (DRp) nucleus and the dorsal
raphe caudal (DRc) nucleus (Figs. 2L–P and 3L–O). These six nuclei
were found, for the most part, within the periaqueductal and
Fig. 8. Photomicrographs showing neuronal groups that are immunopositive for serotonin in the pons andmedulla of the Cape dunemole-rat (A–C) and highveldmole-rat (D)
brain. (A) The distinction between the morphology of the neurons comprising the lateral (DRl) and dorsal (DRd) nuclei of the dorsal raphe. (B) The raphe obscurus (ROb) and
raphe pallidus (RPa) nuclei of the Cape dune mole-rat. (C) The caudal nucleus of the dorsal raphe (DRc) and median raphe nucleus (MnR) of the Cape dune mole-rat. (D) A
similar image to C showing the caudal nucleus of the dorsal raphe (DRc), median raphe nucleus (MnR) and raphe magnus (RMg) of the highveld mole-rat. Scale bar in
A = 500 mm. Scale bar in C = 1 mm and applies to B, C and D. 4V: fourth ventricle; ca: cerebral aqueduct; io: inferior olive; py: pyramidal tract.
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nucleus to the trigeminal motor nucleus. The DRif was located
between the twomedial longitudinal fasciculi and exhibited a high
density of 5HT+ neurons that were ovoid in shape, bipolar and had
a dorsoventral dendritic orientation. The DRv was found imme-
diately dorsal to the DRif between and just caudal to the
oculomotor nuclei. The DRv exhibited a high density of 5HT+
neurons that had a similar neuronal morphology to the DRif but
exhibited a range of dendritic orientations. Immediately dorsal to
DRv and ventral to the inferior border of the cerebral aqueduct a
cluster of 5HT+ neurons with a similar neuronal morphology to
DRif and DRv, but with a mediolateral dendritic orientation, was
designated as the DRd nucleus (Fig. 8A). 5HT+ neurons represent-
ing the DRp, were located in the ventrolateral portion of the
periaqueductal grey matter lateral to the DRd and DRv. Some
neurons were found in the adjacent tegmentum and are the only
ones found outside the periaqueductal grey matter. There was a
moderate density of these neurons within the periaqueductal greymatter and a lower density of more scattered neurons in the
tegmental region. The 5HT+ neurons of the DRp were ovoid in
shape and marginally larger than those of DRd, DRv and DRif. They
were bipolar and showed no specific dendritic orientation. The
5HT+ neurons of the DRl were located dorsolateral to the DRd and
adjacent to the ventrolateral edges of the cerebral aqueduct. The
neurons of this nucleus were readily distinguishable from the
remainder of the dorsal raphe nuclei since they were larger and
showed a mixture of bipolar and multipolar neurons (Fig. 8A).
These neurons showed dendrites orientated parallel to the wall of
the aqueduct, and were found in a low to moderate density within
the nucleus. The neurons of this serotonergic nucleus were
intermingled with putative catecholaminergic neurons of the
A10dc (see above). As we followed the DRl caudally, where the
cerebral aqueduct opened into the fourth ventricle and the DRd,
DRv and DRif dissappeared, the neurons of the DRl formed an arc
across the midline of the dorsal portion of the periventricular grey
matter. This caudal arc of the DRl was classified as the DRc nucleus
Fig. 9. Photomicrographs showing neuronal groups that are immunopositive for serotonin in the medulla of the Cape dune mole-rat (A and E) and highveld mole-rat (B–D)
brain. (A) This photomicrograph depicts the lateral continuation of the raphe magnus nucleus (RMg) as it forms the most anterior portion of the rostral ventrolateral
serotonergic group (RVL) in the Cape dune mole-rat. (B) The raphe pallidus (RPa) nucleus of the highveld mole-rat is intimately associated with the pyramidal tract (py). (C)
The topography of the raphe magnus nucleus (RMg), raphe pallidus nucleus (RPa) and rostral ventrolateral serotonergic group (RVL) in the highveld mole-rat. (D) The
pararaphe position of the raphe obscurus nucleus (ROb) of the highveldmole-rat. (E) A higher power view of the neuronalmorphology of the raphe obscurus nucleus (ROb) in
the Cape dune mole-rat. Scale bar in B = 500 mm and applies to B and E. Scale bar in C = 1 mm and applies to A, C and D. 4V: fourth ventricle; io: inferior olive; py: pyramidal
tract.
A. Bhagwandin et al. / Journal of Chemical Neuroanatomy 35 (2008) 371–387 383(Fig. 8C and D). The neuronal morphology of the 5HT+ neurons in
the DRc was identical to that of the DRl, but we classified this as an
independent nucleus due to the lack of 5HT+ neurons in this region
in the brain of monotremes (Manger et al., 2002c; Maseko et al.,
2007).
3.3.2. Caudal cluster
3.3.2.1.Raphe magnus (RMg). This nucleus was seen to be two
columns of loosely aggregated moderate to large 5HT+ neurons
located either side of the midline from the level of the caudal pole
of the trigeminal motor nucleus to the anterior pole of nucleus
ambiguus (Figs. 2Q–R and 3O–R). The 5HT+ neurons within this
nucleus were ovoid in shape, bipolar and exhibited a dorsoventral
dendritic orientation (Figs. 8D and 9A and C).
3.3.2.2.Rostral and caudal ventrolateral nuclei (RVL and CVL). Within
the left and right ventrolateral medullary tegmentum a distinct
anteroposterior columnof 5HT+neuronsextending fromthe level of
the facial nucleus to the spinomedullary junction were observed
(Figs. 2Q–T and 3O–S). These have previously been termed the
rostral and caudal ventrolateral serotonergic columns (e.g. Maseko
etal., 2007;Moonetal., 2007;Dwarikaetal., 2008).TheRVLbeganas
a lateroventral continuationof5HT+neurons fromthe lowerportion
of the RMg extending over the pyramidal tracts and consolidating as
a distinct column lateral to the inferior olives. This column wascharacterised by moderate density of 5HT+ neurons that exhibit a
cellular morphology identical to those of the RMg except for a
mediolateral dendritic orientation (Fig. 9A andC). The appearanceof
the inferior olive distinguishes left and right RVL and at the level of
nucleus ambiguus the RVL becomes the CVL. The CVL continues in
the caudal ventrolateral medullary tegmentum until the spinome-
dullary junction is reached. The neuronal morphology did not
change. The number of neurons within this column steadily
decreases from rostral to caudal. Although the RVL and CVL are
continuous in the mole-rats studied, and indeed several other
eutherian mammals previously studied (e.g. Maseko et al., 2007;
Moon et al., 2007; Dwarika et al., 2008), we make the distinction of
two components of these ventrolateral columns, as the caudal
portions have not been reported in the opossumor themonotremes
(Crutcher and Humbertson, 1978; Manger et al., 2002c).
3.3.2.3.Raphe pallidus (RPa). The 5HT+ neurons forming this
nucleus were found in the ventral midline of the medulla
associated with the pyramidal tracts (Figs. 2Q–T and 3P–S). These
neuronswere for themost part located between the two pyramidal
tracts, but some neurons belonging to this nucleus (based on
neuronal morphology) were identified dorsal to the pyramidal
tract, between it and the inferior olive. The fusiform shaped 5HT+
neurons of the raphe pallidus were smaller than those of RMg, RVL
and CVL, bipolar and exhibited a dendritic orientation parallel to
the edges of the pyramidal tract (Figs. 8B & 9B and C).
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columns of 5HT+ neurons located either side of the midline from
the level of nucleus ambiguus to the spinomedullary junctionwere
classified as the raphe obscurus (Figs. 2S and T & 3R–T). These 5HT+
neurons were marginally smaller than those within the RMg but
larger than those forming the RPa. The neurons were ovoid in
shape, a mix of bi- and multipolar types and show a dorsoventral
dendritic orientation irrespective of polarity (Figs. 8B & 9D and E).
Occasional 5HT+ neurons associated with this nucleus were
identified within a short distance (less than 200 mm) lateral to
the central columns and were generally multipolar with some
lateral dendritic orientation, but others showed a dorsoventral
dendritic orientation.
4. Discussion
The central aim of the current study was to assess the nuclear
organization of the cholinergic, putative catecholaminergic and
serotonergic systems of two species of subterranean rodents that
both have an extensively reduced visual system. The central
finding was that there exists no difference in the nuclear
complexity of these systems in both species of mole-rat studied
compared with that of the laboratory rat. This lack of differences is
in spite of several factors that may lead to the prediction of
differences including the unusual phenotype and life history of the
mole-rats and the time since the existence of the last common
ancestor of these species and those of other rodents. All nuclei
identified for the cholinergic, putative catecholaminergic and
serotonergic systems appear to be homologous to those previously
described for the laboratory rat (Dahlstro¨m and Fuxe, 1964; Fuxe
et al., 1969, 1970; Lindvall and Bjo¨rklund, 1974; Steinbusch, 1981;
Bjo¨rklund and Lindvall, 1984; Ho¨kfelt et al., 1984; Meredith et al.,
1989; To¨rk, 1990; Oh et al., 1992; Ichikawa et al., 1997) and other
species of rodent (Ruggerio et al., 1984; Daszuta and Portalier,
1985; Ishimura et al., 1988; Mufson and Cunningham, 1988;
Vincent, 1988; Le´ger et al., 1998; Satoh et al., 1991; Janusonis et al.,
1999, 2003; Janusonis and Fite, 2001; Fite and Janusonis, 2001;
Mulders and Roberston, 2005; Da Silva et al., 2006; D’Este et al.,
2007; Mahoney et al., 2007; Moon et al., 2007; Dwarika et al.,
2008). Moreover, there were not any nuclei that have been
reported in laboratory rat that were not present in both the
highveld and Cape dune mole-rats, or vice versa. This finding
indicates the potential for the existence of a phylogenetic
constraint in the evolution of the nuclear parcellation (sensu
Ebbesson, 1980) of these systems acting at the level of the order
(see tabulated data in Maseko et al., 2007). These findings support
an earlier proposal indicating this to be the case for the nuclear
organization of systems within the central nervous system
(Manger, 2005).
4.1. Cholinergic system
Prior descriptions of the nuclear organization of the cholinergic
system in rodents are limited to the laboratory rat (Meredith et al.,
1989; Oh et al., 1992; Ichikawa et al., 1997) and the CD-1 strain of
laboratory mouse (Mufson and Cunningham, 1988). The current
study extends the basis for comparison in providing a full mapping
study of the nuclear organization of this system in two species of
mole-rat. The cholinergic nuclei of the dorsal striatopallidal
complex and the basal forebrain of the mole-rats studied are
similar to that seen in the rat (Oh et al., 1992) and mouse (Mufson
and Cunningham, 1988). This result is perhaps not surprising, as all
other mammals previously studied appear to demonstrate the
same nuclear organization within these regions of the cholinergic
system (Woolf, 1991; Manger et al., 2002a; Maseko and Manger,2007; Maseko et al., 2007). Within the diencephalon of the mole-
rats studied, four cholinergic nuclei were found, the lateral, ventral
and dorsal hypothalamic cholinergic nuclei, as well as the medial
habenular nucleus of the epithalamus. These three hypothalamic
groups have been reported for rats, laboratory shrews, cats,
primates, microbat and themegabat (Satoh et al., 1983; Tago et al.,
1989; Vincent and Reiner, 1987; Tinner et al., 1989; Karasawa
et al., 2003; Maseko and Manger, 2007; Maseko et al., 2007);
however no hypothalamic cholinergic neuronal groups have been
reported for the monotremes (Manger et al., 2002a). Within the
pontine region of the mole-rats, the laterodorsal tegmental (LDT),
pedunculopontine (PPT) and parabigeminal (PBg) cholinergic
nuclei were observed. The LDT and PPT have been identified in
all mammals studied to date (Woolf, 1991; Maseko et al., 2007);
however the PBg has only been reported in rats, CD-1 mouse,
highveld mole-rat, cat, ferret, tree shrew, megabat and primates
(Kimura et al., 1981;Mufson and Cunningham, 1988;Murray et al.,
1982; Vincent and Reiner, 1987; Henderson, 1987; Mesulam et al.,
1989; Da Silva et al., 2006; Maseko et al., 2007). The parabigeminal
nucleus in the mole-rats was weakly represented, in terms of
number of neurons as observed previously in the mole-rat (Da
Silva et al., 2006), and in terms of the strength of the
immunoreactivity of the neurons, as described previously for
the rat and mouse (Mufson and Cunningham, 1988; Woolf, 1991;
Oh et al., 1992). This low neuronal number within the para-
bigeminal nucleus of the mole-rats appears to be consistent with
the reduced visual system of these rodents as previously suggested
(Da Silva et al., 2006). The parabigeminal nucleus has not been
observed in the monotremes (Manger et al., 2002a), laboratory
shrew (Karasawa et al., 2003) or the microbat (Maseko and
Manger, 2007). A basic similarity in location and identity of the
cranial nerve nuclei were found in both species of mole-rat as with
all other mammals studied to date (Woolf, 1991; Maseko et al.,
2007). Both species of mole-rat showed a small number of ChAT
immunoreactive neurons in the Edinger–Westphal nucleus;
however, this nucleus appeared to have fewer neurons than that
seen in rat, cat, ferret, megabat and primates (Kimura et al., 1981;
Armstrong et al., 1983; Satoh et al., 1983; Mizukawa et al., 1986;
Henderson, 1987; Vincent and Reiner, 1987; Mesulam et al., 1989;
Lavoie and Parent, 1994; Maseko et al., 2007). We also found ChAT
immunoreactive neurons that represent the preganglionic motor
neurons of the superior and inferior salivatory nuclei in both
species of mole-rat, as reported for the rat, cat, ferret, megabat, and
primates (Armstrong et al., 1983; Mesulam et al., 1989; Satoh and
Fibiger, 1985; Mizukawa et al., 1986; Henderson, 1987; Shiromani
et al., 1988; Maseko et al., 2007).
4.2. Putative catecholaminergic system
Putative catecholaminergic nuclei were found throughout the
brain of both species of mole-rats, extending from the olfactory
bulbs to the spinomedullary junction. Within the stratum
granulosum of the olfactory bulbs, periglomerular TH+ neurons
appear to be homologous to the dopaminergic neurons previously
reported in other rodent and other mammalian species (Lichten-
steiger, 1966; Lidbrink et al., 1974; Lindvall and Bjo¨rklund, 1974;
Ho¨kfelt et al., 1976; Bjo¨rklund and Lindvall, 1984; Smeets and
Gonza´lez, 2000; Maseko et al., 2007; Moon et al., 2007; Dwarika
et al., 2008). All nuclei previously reported for the putative
catecholaminergic system within the diencephalon, midbrain,
pons andmedulla in the laboratory rat (Dahlstro¨m and Fuxe, 1964;
Fuxe et al., 1969; Lindvall and Bjo¨rklund, 1974; Bjo¨rklund and
Lindvall, 1984; Ho¨kfelt et al., 1976, 1984), hamster (Vincent, 1988),
grass rat (Mahoney et al., 2007), guinea pig (Mulders and
Roberston, 2005), laboratory mouse (Ruggerio et al., 1984; Satoh
A. Bhagwandin et al. / Journal of Chemical Neuroanatomy 35 (2008) 371–387 385et al., 1991; D’Este et al., 2007), highveld mole-rat (Da Silva et al.,
2006), highveld gerbil (Moon et al., 2007) and greater canerat
(Dwarika et al., 2008) were found in both species of mole-rat
examined in this study.
Despite the lack of difference in nuclear organization therewere
two differences of note. The first difference is that the number and
density of tyrosine hydroxylase immunoreactive neurons in the
dorsal caudal nucleus of the ventral tegmental complex (A10dc) of
the cape dunemole-rat appeared to be far greater than that seen in
the highveld mole-rat, or indeed any other rodent species
previously examined (see references given above and Fig. 7). It
is difficult to interpret what this difference might actually mean in
terms of function, as even in the laboratory rat the connections and
detailed neurochemistry of these neurons are unknown.
The second difference centres on the location and packing
density of the diffuse nucleus of the locus coeruleus (A6d). In the
laboratory rat the A6d nucleus, sometimes referred to just as the
locus coeruleus, is found within the pontine periventricular grey
matter but in a medial location adjacent to the ventricular wall.
The catecholaminergic neurons within this region are densely
packed and appear to be continuous dorso-caudally with the A4
nucleus (Dahlstro¨m and Fuxe, 1964; Fuxe et al., 1969; Lindvall and
Bjo¨rklund, 1974; Bjo¨rklund and Lindvall, 1984; Ho¨kfelt et al., 1976,
1984). This location, packing density and continuity with the A4
nucleus is different to that reported here for both species of mole-
rat, and in comparison to that reported for other rodent species
such as the laboratory mouse (Ginovart et al., 1996; Von Coelln
et al., 2004), hamster (Vincent, 1988), guinea pig (Mulders and
Roberston, 2005), highveld gerbil (Moon et al., 2007) and greater
canerat (Dwarika et al., 2008). In these other rodents species
studied, the locus coeruleus nucleus is located in the ventrolateral
corner of the pontine periventricular grey matter and no neurons
are found near the ventricular wall. In these other rodent species,
only the neurons of the A4 nucleus are found adjacent to the
ventricular wall and the packing density of the A6d neurons are
much lower than that of the laboratory rat. It is unclear what the
factors underlying the rat vs. other rodents difference may be;
however, it is possible that this is a feature of the genus Rattus, or it
may be the result of selected inbreeding of laboratory strains.
Further studies of wild caught Rattus species may confirm or
eliminate at least one of these possibilities (as previously
demonstrated for the cortical cholinergic system, Bhagwandin
et al., 2006).
4.3. Serotonergic system
The nuclei observed with immunohistochemistry for serotonin
in the present study are identical in both species of mole-rat
examined and to those previously described for the laboratory rat
(Dahlstro¨m and Fuxe, 1964; Fuxe et al., 1969; Steinbusch, 1981;
Lidov and Molliver, 1982; Waterhouse et al., 1993), mouse
(Daszuta and Portalier, 1985), the Mongolian gerbil (Janusonis
et al., 1999, 2003; Janusonis and Fite, 2001) greater canerat
(Dwarika et al., 2008), highveld gerbil (Moon et al., 2007), and the
portion of the brain studied in the Chilean degus (Fite and
Janusonis, 2001). The nuclear organization of the serotonergic
system across all eutherian mammals studied to date is identical
(Bjarkam et al., 1997; Maseko et al., 2007); in nonplacental
mammals, however, other patterns are seen. There are serotoner-
gic neurons in the hypothalamus of monotremes (Manger et al.,
2002c), there is a lack of serotonergic neurons in the region of the
CVL column in the monotremes and the opossum (Manger et al.,
2002c; Crutcher and Humbertson, 1978), and there is a lack of a
caudal division of the dorsal raphe in the monotremes (Manger
et al., 2002c).4.4. Evolutionary considerations
The current investigation of three immunohistochemically
identifiable neuronal systems in the brain of two species of wild
caught mole-rat, demonstrates that despite major differences in
phenotype (regressed visual system; Oelschla¨ger et al., 2000;
Cernuda-Cernuda et al., 2003; Nemec et al., 2004), life-history
(unusual circadian rhythms, subterranean lifestyle, range of social
systems; Lovegrove and Papenfus, 1995; Lovegrove and Muir,
1996; Negroni et al., 2003; Oosthuizen et al., 2003; Gutjahr et al.,
2004) and time since evolutionary divergence (Adkins et al., 2003;
Faulkes et al., 2004), no change in the complexity of the nuclear
organization of the neural systems has occurred. It appears likely
that a constraint, acting at the phylogenetic level of the order is
limiting parcellation (sensu Ebbesson, 1980) of these systems, such
that all species belonging to the same mammalian order
demonstrate the same complement of homologous nuclei of these
systems (Manger, 2005; Maseko et al., 2007). The complexity of
nuclear organization, in terms of the number of nuclei, appears to
be able to change between, but not within, orders (see tables
provided in Maseko et al., 2007). The current study is aligned with
previous studies in rodents that have shown that neither the time
since evolutionary divergence (Da Silva et al., 2006; Dwarika et al.,
2008), changes in phenotype (Moon et al., 2007), nor an increase in
brain size (Dwarika et al., 2008) initiate any major differences in
the nuclear complexity of the systems under studywithin the same
mammalian order. Thus, it is possible to reasonably conclude at the
moment that for the order Rodentia, varying phenotype, varying
life history, evolutionary divergence and brain size do not lead to
changes in nuclear complexity of the cholinergic, putative
catecholaminergic and serotonergic systems. Further studies
examining species that show greater changes in brain size, both
large and small, and changes in relative brain size are required to
fully test the proposed phylogenetic constraint that appears to be
emerging as an explanation surrounding the observations made to
date on various rodent, and other, species.
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A B S T R A C T
The distribution of orexinergic cell bodies and terminal networks within the brains of two species of
Africanmole rat (Cape-dunemole rat – Bathyergus suillus and highveldmole rat – Cryptomys hottentotus)
were identified using immunohistochemistry for orexin-A. The aim of the study was to investigate
possible differences in the nuclear complement and terminal distribution of this system by comparing
those of the mole rats to published studies of other rodents and mammals. The wild-caught mole rats
used in this study live a subterranean lifestyle and are well known for their regressed visual system,
which may lead to the prediction of differences in the distribution of the cell bodies and the terminal
networks; however, we found that both species of mole rat displayed orexinergic nuclei limited to the
hypothalamus in regions similar to those previously reported for other rodent and mammalian species.
No immunoreactive neurons could be identified, in either species of mole rat within the anterior
hypothalamic paraventricular nucleus, as has been reported for Murid rodents. The terminal networks,
while remaining similar between the species, are more strongly expressed in the Cape-dune mole rat
than in the highveld mole rat.
 2010 Elsevier B.V. All rights reserved.
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Orexin (also known as hypocretin) is a neuropeptide that has
been reported to play a role in the regulation of feeding, drinking,
body temperature, general activity (Lubkin and Stricker-Krongrad,
1998; Edwards et al., 1999; Hagan et al., 1999; Kunii et al., 1999;
Mondal et al., 1999; Piper et al., 2000; Estabrooke et al., 2001;
Hungs et al., 2001; Yoshimichi et al., 2001; Kotz et al., 2002;
Berthoud et al., 2005), energy homeostasis (Mintz et al., 2001),
stimulation of gastric secretion in rats (Takahashi et al., 1999),
increasing metabolic rate in rats (Lubkin and Stricker-Krongrad,
1998), altering luteinising hormone release in rats (Pu et al., 1998)
and in the regulation of the sleep–wake cycle specifically
associated with increased wakefulness and inhibition of REM
sleep (Sakurai et al., 1998; Chemelli et al., 1999; Siegel, 1999;
Bourgin et al., 2000; Kilduff and Peyron, 2000; Thannickal et al.,
2000; van den Pol, 2000).
The distribution of orexin-immunopositive (Orx+) cell bodies
and terminal networks within the brain have been reported in a
range of mammals including: humans (Homo sapiens, Moore
et al., 2001); domestic cat (Felis catus, Zhang et al., 2001, 2002);
domestic sheep (Ovis aries, Iqbal et al., 2001); six species of* Corresponding author. Tel.: +27 11 717 2497; fax: +27 11 717 2422.
E-mail address: Paul.Manger@wits.ac.za (P.R. Manger).
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doi:10.1016/j.jchemneu.2010.11.002rodent (laboratory rat, Rattus norvegicus – Broberger et al., 1998;
Peyron et al., 1998; Chen et al., 1999; Cutler et al., 1999; Date
et al., 1999; Hagan et al., 1999; Nambu et al., 1999; Risold et al.,
1999; Baldo et al., 2003; Chou et al., 2004; Espana et al., 2005;
Kirouac et al., 2005; Nixon and Smale, 2007; Nile grass rat,
Arvicanthus niloticus – Novak and Albers, 2002; Nixon and Smale,
2007; golden or Syrian hamster, Mesocricetus auratus –
McGranaghan and Piggins, 2001; Mintz et al., 2001; Vidal
et al., 2005; Nixon and Smale, 2007; laboratory mouse, Mus
musculus, C57B1 strain, Broberger et al., 1998; Siberian or
Djungarian hamster, Phodopus sungorus – McGranaghan and
Piggins, 2001; Khorooshi and Klingenspor, 2005; degu, Octodon
degus – Nixon and Smale, 2007); five microchiropteran species
(Kruger et al., 2010); and the Eastern grey kangaroo (Macropus
giganteus, Yamamoto et al., 2006). The Orx+ neuronal cell bodies
were invariably localized within the hypothalamus and while
for most mammals they were represented as a rather homoge-
nous loosely packed large cluster of neurons located in the
perifornical and lateral hypothalamus (see above references), in
certain rodents there may be up to four clusters, or nuclei, of
orexinergic neurons – the two described above, plus one cluster
located in the anterior hypothalamic paraventricular subnucleus
and one in the lateral ventral hypothalamic supraoptic area
(LVHA) (Nixon and Smale, 2007).
Orexin immunoreactive terminal networks have been found in
differential relative densities throughout the varying brain regions
A. Bhagwandin et al. / Journal of Chemical Neuroanatomy 41 (2011) 32–42 33previously examined (see references cited above). A high relative
density of Orx+ terminals has been consistently observed within
the paraventricular nucleus of the epithalamus, the noradrenergic
locus coeruleus complex and the serotonergic dorsal raphe nuclear
complex. The majority of the nuclei of the hypothalamus as well as
the septal region, cholinergic nuclei of the pons, the ventral
tegmental area, the nuclei of the solitary tract, the remaining
serotonergic nuclei and both limbs of the diagonal band of Broca
were consistently described as having amedium relative density of
Orx+ terminals. A low to absent density of Orx+ terminals has been
recorded in regions such as the cerebral cortex, major nuclei of the
dorsal thalamus and other regions of the central nervous system
(see references above).
Recent studies have demonstrated that in rodents and other
species, the complexity of the nuclear organization of the diffusely
projecting cholinergic, catecholaminergic and serotonergic sys-
tems remains consistent within an order despite differences in
brain size, phenotype, lifestyle or evolutionary distance (e.g.
Manger, 2005; Maseko et al., 2007; Bhagwandin et al., 2008;
Dwarika et al., 2008; Limacher et al., 2008; Gravett et al., 2009;
Pieters et al., 2010; Bux et al., 2010). In terms of the orexinergic
system this appears to hold true for most mammals; however, the
observations of variance in the number of potential orexinergic
nuclei in rodents (Nixon and Smale, 2007) may indicate greater
organizational variance within an order for this diffusely project-
ing system than other systems previously studied.
In contrast to this order level consistency in nuclear organiza-
tion, the pattern of terminal networks of these diffusely projecting
neurotransmitter systems appears to be more variable within the
order. For example, when the innervation patterns of the
serotonergic (Raghanti et al., 2008a) and cholinergic (Raghanti
et al., 2008b) terminal networks within the cerebral cortex of
humans, chimpanzees and macaque monkeys were compared,
there were no species differences in the primary motor cortex
(Brodmann’s area 4), but significant quantitative and qualitative
differences were observed betweenmacaques on the one hand and
chimpanzees and humans on the other (whichwere similar) in two
pre-motor cortical areas (Brodmann’s areas 9 and 32). These
studies are suggestive of family level consistencies and inter-
family differences in the terminal networks of the diffusely
projecting neural systems. Comparative studies of the orexinergic
projections in rodents are also suggestive of certain qualitative
differences in terminal network densities within and between
families despite many overall similarities (McGranaghan and
Piggins, 2001; Nixon and Smale, 2007).
In the current study, whole brains of two species of Africanmole
rat, the highveld mole rat (Cryptomys hottentotus) and the Cape
dune mole rat (Bathyergus suillus) were examined immunohisto-
chemically for orexin-A. Both species studied have a greatly
reduced visual system (Oelschlager et al., 2000; Cernuda-Cernuda
et al., 2003; Nemec et al., 2004), are subterranean, and appear to
have a free-running circadian activity oscillator (Lovegrove and
Papenfus, 1995; Lovegrove and Muir, 1996; Negroni et al., 2003;
Oosthuizen et al., 2003; Gutjahr et al., 2004). These atypical rodent
features combined with the distant (but familial) relation to each
other and to the non-familial laboratory rat (Adkins et al., 2003),
provide an interesting model to examine changes in nuclear
organization and terminal network patterns that may be related to
phenotype, life history and behaviour.
2. Materials and methods
The brains of three adult highveld mole rats (C. hottentotus) (average body
weight: 86.5 g; average brain weight: 1.5 g) and three adult Cape dunemole rats (B.
suillus) (average body weight: 965 g; average brain weight: 3.4 g) were used in the
current study. All animals were treated and used according to the guidelines of the
University of the Witwatersrand Animal Ethics Committee, which parallel those ofthe NIH for the care and use of animals in scientific experimentation. The mole rats
were placed under deep barbiturate anaesthesia (euthanaze, 200 mg sodium
pentobarbital/kg, i.p.), and then perfused intracardially upon cessation of
respiration. The perfusion was initially done with a rinse of 0.9% saline solution
at 4 8C, followed by a solution of 4% paraformaldehyde in 0.1 M phosphate buffer
(PB) (approximately 1l/kg of each solution). Brains were then removed from the
skull and post-fixed overnight in 4% paraformaldehyde in 0.1 M PB, and then
allowed to equilibrate in 30% sucrose in PB. The brains were then frozen and
sectioned into serial coronal and sagittal sections of 50 mm thickness. A one in three
series of stains was made for Nissl, myelin and orexin A. Sections kept for the Nissl
series weremounted on 0.5% gelatine coated glass slides, cleared in a solution of 1:1
chloroform and absolute alcohol, then stainedwith 1% cresyl violet. Myelin sections
were stored in 5% formalin at 4 8C for a period of twoweeks andwere thenmounted
on 1% gelatine coated glass slides and subsequently stained with a modified silver
stain (Gallyas, 1979).
For immunohistochemical staining the sections were first treated for 30 min
with an endogenous peroxidase inhibitor (49.2% methanol:49.2% of 0.1 PB:1.6% of
30% H2O2) followed by three 10 min rinses in 0.1 M PB. This was followed by a 2 h
pre-incubation, at room temperature, in a solution (blocking buffer) containing 3%
normal goat serum (NGS, Chemicon), 2% bovine serum albumin (BSA, Sigma), and
0.25% Triton X-100 (Merck) in 0.1 M PB. The sections were then placed in a primary
antibody solution containing the appropriately diluted antibody in blocking buffer,
for 48 h at 4 8C. To reveal orexinergic neurons we used the anti-orexin A antibody
(AB 3704, Millipore, raised in rabbit) at a dilution of 1:1500. This step was followed
by three 10 min rinses in 0.1 M PB, after which the sections were incubated in a
secondary antibody for 2 h. The secondary antibody solution contained a 1:1000
dilution of biotinylated anti-rabbit IgG (BA-1000, Vector Labs) in 3% NGS, and 2%
BSA in 0.1 M PB. After three 10 min rinses in 0.1 M PB, the sections were incubated
for 1 h in AB solution (Vector Labs), and again rinsed. The sectionswere then treated
in a solution of 0.05% diaminobenzidine in 0.1 M PB for 5 min, following which 3ml
of 30% H2O2 was added to the 1 ml of solution in which each section was immersed.
Staining development was monitored visually and checked under a low power
stereomicroscope until the background staining was at a level at which it could
assist reconstruction without obscuring the immunopositive neuronal structures.
Development was arrested by placing the sections in 0.1 M PB, and then rinsed
twicemore in the same solution. Sectionsweremounted on glass slides coatedwith
0.5% gelatine and left to dry overnight. They were then dehydrated in a graded
series of alcohols, cleared in xylene, and coverslipped with Depex. Two controls
were employed in the immunohistochemistry, including the omission of the
primary antibody and the omission of the secondary antibody in selected sections.
The sections were observed with a low power stereomicroscope, and the
architectonic borders of the sections traced according to the Nissl stained sections
using a camera lucida. The immunostained sections were then matched to the
drawings and the immunopositive neurons marked, in addition the density of axon
terminal staining was graded from low to high for each immunostained section and
medium and high marked on the drawings. The drawings were then scanned and
redrawn using the Canvas 8 drawing program. The location of Orx+ neuronal
structures and the corresponding orexinergic terminal network distribution were
described in relation to the general neuroanatomy of the brain and the cholinergic,
catecholaminergic and serotonergic systems described previously for these two
species of mole rat (Bhagwandin et al., 2008).
Abbreviations
III oculomotor nucleus
IV trochlear nucleus
Vmot motor division of trigeminal nucleus
VI abducens nucleus
VIId facial nerve nucleus, dorsal division
VIIv facial nerve nucleus, ventral division
X dorsal motor vagus nucleus
XII hypoglossal nucleus
3V third ventricle
A1 caudal ventrolateral medullary tegmental nucleus
A2 caudal dorsomedial medullary nucleus
A4 dorsal medial division of locus coeruleus
A5 fifth arcuate nucleus
A6d diffuse portion of locus coeruleus
A7d nucleus subcoeruleus, diffuse portion
A7sc nucleus subcoeruleus, compact portion
A8 retrorubral nucleus
A9l substantia nigra, lateral
A9m substantia nigra, medial
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A9v substantia nigra, ventral or pars reticulata
A10 ventral tegmental area
A10c ventral tegmental area, central
A10d ventral tegmental area, dorsal
A10dc ventral tegmental area, dorsal caudal
A11 caudal diencephalic group
A12 tuberal cell group
A13 zona incerta
A14 rostral periventricular nucleus
A15d anterior hypothalamic group, dorsal division
A15v anterior hypothalamic group, ventral division
ac anterior commissure
amyg amygdala
AP area postrema
B9 supralemniscal serotonergic nucleus
C caudate nucleus
C1 rostral ventrolateral medullary tegmental group
C2 rostral dorsomedial medullary nucleus
C3 rostral dorsal midline medullary nucleus
ca cerebral aqueduct
cc corpus callosum
cc central canal
Cing ctx cingulate cortex
cl claustrum
CLi caudal linear nucleus
CN cerebellar nuclei
CVL caudal ventrolateral serotonergic group
Diag.B diagonal band of Broca
DR dorsal raphe
DRc dorsal raphe nucleus, caudal division
DRd dorsal raphe nucleus, dorsal division
DRif dorsal raphe nucleus, interfascicular division
DRl dorsal raphe nucleus, lateral division
DRp dorsal raphe nucleus, peripheral division
DRv dorsal raphe nucleus, ventral division
DT dorsal thalamus
EW Edinger–Westphal nucleus
f fornix
GC periaqueductal grey matter
GP globus pallidus
Hbm medial habenular nucleus
Hbl lateral hebenular nucleus
hyp hypothalamus
hyp. d hypothalamus, dorsal division
hyp. l hypothalamus, lateral division
hyp. v hypothalamus, ventral division
HIP hippocampus
ic internal capsule
IC inferior colliculus
IP interpeduncular nucleus
Is.Call. islands of Calleja
LHA lateral hypothalamic area
LVHA lateral ventral hypothalamic area
LDT laterodorsal tegmental nucleus
LV lateral ventricle
mtf medullary tegmental field
MnR median raphe nucleus
N.Acc nucleus accumbens
N.Amb nucleus ambiguusN.Bas nucleus basalis
NEO neocortex
P putamen
PFR perifornical area
Pg pineal gland
pVII preganglionic motor neurons of the superior salivatory
nucleus or facial nerve
pIX preganglionic motor neurons of the inferior salivatory
nucleus
PBg parabigeminal nucleus
PC cerebral peduncle
PIR piriform cortex
PPT pedunculopontine nucleus
PV thalamic paraventricular nuclei
py pyramidal tract
R reticular nucleus of dorsal thalamus
RMg raphe magnus nucleus
ROb raphe obscurus nucleus
RPa raphe pallidus nucleus
RVL rostral ventrolateral serotonergic group
SC superior colliculus
scp superior cerebellar peduncle
Sep.M medial septal nucleus
TOL olfactory tubercle
vh ventral horn
VPO ventral pontine nucleus
3. Results
In both species of mole rat examined, immunohistochemically
identifiable, morphologically homogenous, orexinergic (Orx+) cell
bodieswere limited to the hypothalamus, as previously reported in
all other mammals studied to date. The terminal networks, while
remaining similar in distribution between both species, are more
strongly expressed in the Cape dune mole rat than in the highveld
mole rat. The following descriptions of the Orx+ cell bodies and
terminal networks, for both species of mole rat (unless otherwise
specified), are provided in relation to the general anatomy of the
brain, or to the neuronal groups of the cholinergic, catecholamin-
ergic and serotonergic systems (as described for these particular
species in Bhagwandin et al., 2008) where overlap occurs.
3.1. Orexinergic cell body distribution
Both species of mole rat expressed Orx+ neurons only within
the hypothalamus and were observed as sharing a common
neuronal locality within the lateral hypothalamic area (LHA),
perifornical region (PFR) and the lateral ventral hypothalamic
supraoptic area (LVHA) (Figs. 1G–I and 2I–J). Within the LHA of
both species a moderate density of Orx+ cells bodies were found to
intermingle with the lateral hypothalamic cholinergic nucleus and
the dopaminergic neurons of the A13 (zona incerta) nucleus. The
Orx+ neurons of the PFRwere observed to showamoderate density
and did not overlap with any previously described cholinergic or
dopaminergic neurons. In both species, the LVHA Orx+ neurons
were found in the same region as the dopaminergic A15v (ventral
division of the anterior hypothalamic group) nucleus, in the lateral
and ventral portions of the hypothalamus, immediately dorsal to
the greatly reduced optic tract (Fig. 3). No Orx+ neurons could be
identified in the anterior hypothalamic paraventricular subnucleus
in either mole rat species. Thus, there appears to be three distinct
clusters of Orx+ neurons in the hypothalamus of the mole rats
[()TD$FIG]
Fig. 1. Drawings of sections through one half of the brain of the Cape-dunemole rat (Bathyergus suillus) depicting the distribution of orexinergic terminal network densities (an
absence of shading represents low density, grey shaded areas representmediumdensity and black shaded areas represent high density) and Orx immunoreactive neurons (each
black dot represents a single neuron) relative to the nuclear organization of the cholinergic system, catecholiminergic system and serotonergic system [previously described in
Bhagwandin et al. (2008) for this species]. Absence of shading indicates either a minor terminal network or no terminal network (see text for details). See list for abbreviations.
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perifornical regions, a distinct cluster extending into the region of
the zona incerta, and a final cluster in the ventral lateral
hypothalamus adjacent to the optic tracts. Both mole rats
exhibited neuronal cell bodies that were morphologically homog-
enous in all three clusters, and that were ovoid in shape, and a
varying mixture of bi- and multi-polar types that showed no
specific dendritic orientation (Fig. 3).
3.2. Orexinergic terminal networks
3.2.1. Telencephalon
Throughout the telencephalon of both species there was only
one region of high-density Orx+ terminal networks, this being
within the very anterior portion of the septal nuclear complex ofthe highveld mole rat (Fig. 2D). In both species a medium relative
density of Orx+ terminals was observed within the shell of the
nucleus accumbens, the entire septal nuclear complex (over-
lapping with the cholinergic medial septal nucleus), the choliner-
gic diagonal band of Broca, and in small portions of the nucleus
basalis and the olfactory tubercule (Figs. 1C–F and 2C–F). All
remaining regions of the telencephalon (cerebral cortex, the dorsal
striatopallidal complex, hippocampal complex, amygdalar com-
plex) were observed to have a low-density terminal network in
both species of mole rat.
3.2.2. Diencephalon
A medium density Orx+ terminal network characterized the
entire hypothalamus in both species examined; however, high
terminal network densities were noted in a region adjacent to the
[()TD$FIG]
Fig. 1 (Continued).
A. Bhagwandin et al. / Journal of Chemical Neuroanatomy 41 (2011) 32–4236dorsal aspect of the third ventricle within the hypothalamus of
both species of mole rat in the region where the dopaminergic
neurons of the A15d (dorsal division of the anterior hypothalamic
group) nucleuswere located (Figs. 1H–J and2H, I). A second region
of high-density Orx+ terminals was found in the premammillary
nuclei of both species; however, the mammillary nuclei them-
selves only exhibited a low density of Orx+ terminals. A low-
density terminal network was observed through both the dorsal
and ventral thalamus, except for the intralaminar central median
nucleus of the dorsal thalamus where amedium-density network
of Orx+ terminals was observed. In contrast to this, the
epithalamus evinced a high-density terminal network in the
dorsal aspects of the paraventricular nuclei and amediumdensity
terminal network in the ventral midline part of the paraven-
tricular thalamic nuclei and in the regions surrounding the
habenular nuclei, especially the lateral habenular nucleus and
dorsal most portions of the fasciculus retroflexus (Figs. 1H, I, 2H, I
and 5).3.2.3. Midbrain (mesencephalon)
Within the midbrain of both species a high-density Orx+
terminal network was observed throughout the serotonergic
dorsal raphe nuclear complex and the serotonergic median raphe
nucleus (Figs. 1M, N, 2M–O and 6A). A second region of high-
density Orx+ terminals was observed in the dorsomedial
periaqueductal grey matter (DMPAG) in both species. The
remainder of the periaqueductal grey matter was observed to
contain a medium density Orx+ terminal network, which was also
observed within the superior colliculus, parts of the ventral
tegmental nuclear complex, specifically the A10dc, A10c and A10d
nuclei, and in the serotonergic caudal linear nucleus (CLi) and
supralemniscal serotonergic group (B9). Themedium-density Orx+
terminal networkwithin themidbrain of the highveldmole ratwas
more extensive than that seen in the Cape dune mole rat and was
observed in the A10 nucleus, the inferior colliculus, upper
midbrain tegmentum and interpeduncular nucleus, whereas in
the Cape dunemole rat these regions only contained a low-density
[()TD$FIG]
Fig. 2.Drawings of sections through one half of the brain of the highveldmole rat (Cryptomys hottentotus) depicting the distribution of orexinergic terminal network densities
(an absence of shading represents low density, grey shaded areas representmediumdensity and black shaded areas represent high density) andOrx immunoreactive neurons
(each black dot represents a single neuron) relative to the nuclear organization of the cholinergic system, catecholaminergic system and serotonergic system [previously
described in Bhagwandin et al. (2008) for this species]. Absence of shading indicates either a minor terminal network or no terminal network (see text for details). See list for
abbreviations.
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interpeduncular nucleus appeared to be limited to a specific
portion of these nuclei (Figs. 1J–N and 2K–N). All other regions of
themidbrain evinced a low-density Orx+ terminal network in both
species of mole rat.
3.2.4. Pontine region (metencephalon)
Within the pons of both species, high-density Orx+ terminal
networks were observed in the cholinergic laterodorsal tegmental
nucleus (LDT), the noradrenergic diffuse nucleus of the locus
coeruleus (A6d) and compact nucleus of the subcoeruleus (A7sc),
and the serotonergic caudal nucleus of the dorsal raphe complex
(DRc) (Figs. 1N–P, 2N, O, 4A and 6A). In the dorsal pontine
tegmentum of both species, a medium-density Orx+ terminal
networkwas seen to overlapwith the regionswhere the neurons of
the cholinergic pedunculopontine tegmental nucleus (PPT) andnoradrenergic diffuse nucleus of the subcoeruleus (A7d) were
found. Other medium density Orx+ terminal networks were
observed to overlap with the distribution of the noradrenergic
neurons of the fifth arcuate nucleus (A5) and the pontine portion of
the serotonergic median raphe nucleus (MnR) (Fig. 6B). All other
portions of the pontine regionwere observed to contain a relatively
low-density Orx+ terminal network.
3.2.5. Medulla oblongata (myelencephalon) and cerebellum
Within the medulla there was only one region that contained a
high-density Orx+ terminal network and this was the area
postrema (AP) of the Cape dune mole rat (Fig. 1T). Interestingly,
in the highveld mole rat there was only a low-density Orx+
terminal network in this structure. Medium-density Orx+ terminal
networks were observed in all the regions where serotonergic
neurons were located, which include the raphe magnus nucleus
[()TD$FIG]
Fig. 2 (Continued).
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serotonergic columns (RVL and CVL), the raphe pallidus nucleus
(RPa) and the raphe obscurus nucleus (ROb) (Fig. 6C). The
remaining regions of the medulla that showed medium-density
Orx+ terminal networks were coincident with the catecholamin-
ergic nuclei previously reported, including the rostral ventrolateral
medullary tegmental group (C1) (Fig. 4C), rostral dorsomedial
medullary nucleus (C2), caudal ventrolateral medullary tegmental
group (A1) and the caudal dorsomedial medullary nucleus (A2).
The extent of this medium-density network around the C2 and A2
nuclei was quite expansive and appeared to include themajority of
the nuclei of the solitary tract. A global low-density Orx+ terminal
network was observed throughout the remaining regions of themedulla oblongata. No specific species differences were observed
in themedulla. A low-density Orx+ terminal networkwas observed
throughout all regions of the cerebellum, both cortical and nuclear,
for both species.
4. Discussion
In the current study, it was observed that both species of mole
rat displayed three clusters of orexinergic immunoreactive
neurons within the hypothalamus, therebymaintaining significant
congruency with previous studies in other mammals (see
references listed in Section 1). In addition, it was noted that no
immunoreactive orexinergic (Orx+) cell bodies, in either species of
[()TD$FIG]
Fig. 3. (A) Photomicrographic montage showing the Orx immunoreactive neurons
within the hypothalamus of Bathyergus suillus. Scale = 500mm. (B and C) High
power photomicrographs showing themorphology of Orx immunoreactive neurons
within the hypothalamus of Bathyergus suillus. Scale = 50mm.
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paraventricular organ as was previously reported in some Murid
rodents (Nixon and Smale, 2007). In both species of mole rat the
orexinergic terminal network distribution, for the most part,
maintained similarity to that observed in other mammals;
however, a few differences were identified between both
species of mole rat and collectively in all other mammals studied
to date.
[()TD$FIG]Fig. 4.High power photomicrographs showing varying orexinergic terminal network den
density terminal networkwithin the A6d neuronal group. (B) Lowdensity terminal netwo
the C1 nucleus. (D) Medium density terminal network within the cholinergic medial sep
Scale = 100mm and applies to all. See list for abbreviations.4.1. Comparison to other rodents and other mammals
4.1.1. Distribution of orexinergic cell bodies
The distribution of Orx+ cell bodies, in both species of mole rat,
was both similar and different to those previously reported in
other rodents. Both species of mole rat expressed Orx+ neurons
within the perifornical region (PFR) and the lateral hypothalamic
area (LHA), comprising the main cluster of orexinergic neurons,
which is a common feature of the orexinergic system shared by all
rodents studied to date; however, neither species of mole rat, as
with the Syrian hamster and degu, displayed Orx+ neurons within
the anterior hypothalamic paraventricular subnucleus as seen in
the Long-Evans rat and grass rat (Nixon and Smale, 2007; but see
Novak and Albers, 2002 who do not report these neurons in the
Nile grass rat but they used an orexin B antibody). In this case we
appear to have a difference in the nuclear organization of the
orexinergic systemwithin the rodents, with the twoMurid rodents
studied (Long-Evans rat and Nile grass rat, both closely related)
showing a difference to the closely related Syrian hamster (a
member of the Cricetidae) and the more distantly related
Ctenohystrica (Octodon and the bathyergid mole rats) (Nixon
and Smale, 2007; Blanga-Kanfi et al., 2009). This is not the first time
such Murid vs. non-Murid differences have been observed for such
systems in the rodents (Bhagwandin et al., 2006). In the mole rats,
as with all other rodents, two additional, but smaller, clusters of
orexinergic neurons were located, one in the dorsolateral region of
the hypothalamus intermingling with the region of the zona
incerta, and a second cluster in the ventrolateral region of the
hypothalamus near the optic tract (that is immunoreactive for both
orexin-A and orexin-B, Nixon and Smale, 2007), although the optic
tract is greatly reduced in the mole rats. Thus, within the rodents,
while many similarities in neural systems occur across all species,
there are at least two differences reported to date (orexinergicsities in the brains of Cryptomys hottentotus (A–D) and Bathyergus suillus (E). (A) High
rkwithin the cingulate cortex. (C)Mediumdensity terminal network in the region of
tal nucleus. (E) Medium density terminal networks surrounding the central canal.
[()TD$FIG]
Fig. 5. Photomicrographs illustrating the difference in expression of high density
orexinergic terminal networks within the paraventricular nucleus of: (A)
Bathyergus suillus, (B) Cryptomys hottentotus. Scale = 500mm and applies to both.
See list for abbreviations.
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2007; and cortical cholinergic neurons, Bhagwandin et al., 2006).
These differences would be of interest to study further and
delineate potential phylogenetic boundaries for these features and
the possible behavioural correlates of these differences.
An important aspect of the parcellation of the orexinergic
system needs to be highlighted at this point. In the current study
[()TD$FIG]
Fig. 6. High power photomicrograph showing varying terminal network densities within
within the serotonergic dorsal raphe nuclear complex (DR). (B) High density orexinergic t
Medium density orexinergic terminal networks within the serotonergic raphe obscuruwe have lumped the orexinergic neurons of the PFR and LHA into a
single cluster that we have termed the main cluster (in this study
and in a previous study on microchiropterans, Kruger et al., 2010).
This was done as there appears to be no anatomical distinction in
the aggregation of the orexinergic neurons across this large cluster,
being organized in what can be loosely termed a diffuse nucleus;
however, a previous study of the connectivity of these regions of
the main cluster (PFR and LHA) would suggest that these two
regions likely represent distinct nuclei (Yoshida et al., 2006).
Yoshida et al. (2006) showed that, while the PFR and LHA
orexinergic neurons project to many of the same regions, the
intensity of the projection differs substantially between several of
these terminal territories. In addition, they showed that the
medial, or PFR, portion of what we term the main orexinergic
cluster innervates the anterior and ventromedial hypothalamus
plus the suprachiasmatic nucleus, whereas the LHA orexinergic
neurons do not. They also showed that the LHA orexinergic
neurons innervate the dorsal raphe, whereas the PFR orexinergic
neurons do not (Yoshida et al., 2006). These differences in
projection fields appear to warrant a distinction of what we term
the main orexinergic cluster into medial or PFR and LHA
orexinergic nuclei. It would be of importance to study such
differences across species to determine whether such differential
projection territories exist in other mammals and warrant cross
species parcellation of the orexinergic system in a similar manner.
In the mole rats and other rodents the location of the main
cluster of orexinergic (Orx+) cell bodies (PFR and LHA), is similar to
that seen in all other mammals studied to date (Iqbal et al., 2001;
Moore et al., 2001; Zhang et al., 2001, 2002; Yamamoto et al., 2006;
Kruger et al., 2010). Interestingly, all mammalian species appear to
have orexinergic neurons overlapping with the medial most
portion of the zona incerta. Of less similarity is the appearance of
orexinergic neurons in the ventrolateral hypothalamus, near the
optic tract, which while present in most mammals (and appears
greatly expanded in the kangaroo, Yamamoto et al., 2006), are
lacking in the microchiropterans (Kruger et al., 2010) and the two
species of hamster studied to date (McGranaghan and Piggins,
2001; Mintz et al., 2001; Khorooshi and Klingenspor, 2005; Vidal
et al., 2005; Nixon and Smale, 2007). Further contrasts in the
location of orexinergic neurons amongstmammals include: (1) the
presence of Orx+ neurons in the dorsomedial hypothalamic region
in the sheep, minipig and kangaroo (Iqbal et al., 2001; Yamamoto
et al., 2006; Ettrup et al., 2010); and (2) Orx+ neurons in the
supraoptic and paraventricular magnocellular nucleus of the
minipig (Ettrup et al., 2010). Thus, while for the most part the
nuclear organization of the orexinergic system appears to quite
conserved across mammalian species, there are definitely somethe brain of Cryptomys hottentotus. (A) high density orexinergic terminal networks
erminal networks in the region of the serotonergic median raphe nucleus (MnR). (C)
s (ROb) nucleus, Scale = 50 mm and applies to all. See list for abbreviations.
A. Bhagwandin et al. / Journal of Chemical Neuroanatomy 41 (2011) 32–42 41points of departure thatmay be interesting in both a functional and
phylogenetic aspect, and warrants the investigation of orexinergic
cellular location in a broader range of mammalian species.
4.1.2. Distribution of orexinergic terminal networks
Previous studies of the terminal networks of the orexinergic
neurons have demonstrated that in mammals the majority of the
brain is either in receipt of very minor, or no, orexinergic
innervation. In this sense the mole rats studied herein are no
exception. These regions of minor to no orexinergic innervation
include the cerebral neocortex, the dorsal striatopallidal complex,
the dorsal thalamus, cerebellum and most of the brainstem.
Despite this, there are areas of the brain that consistently show
medium to dense orexinergic innervation across many of the
mammalian species studied to date. Within the telencephalon of
the mole rats studied, medium to high-density orexinergic
terminal networks were observed in the septal nuclei, the shell
of the nucleus accumbens and the cholinergic basal forebrain. This
telencephalic distribution is similar across all rodents and all
mammals for which these projections have been described to date.
Similarly, in the mole rats and all mammals studied, the
paraventricular nuclei of the epithalamus exhibited a high-density
orexinergic terminal network in the dorsal division. This specific
network extended around the habenular nuclear complex in the
mole rats, again being similar to that seen in other mammals. A
medium density network was observed throughout the mole rat
hypothalamus as seen in all other mammals. Interestingly, in
several mammals studied, a clear medium-density orexinergic
terminal network is observed in the intergeniculate leaflet, but this
was not observed in the mole rats. This is likely due to the major
reduction in size of the visual system in these species (Nemec et al.,
2004). Previously, Vidal et al. (2005) demonstrated that the
orexinergic projection to the intergeniculate leaflet arises from the
orexinergic neurons located near the zona incerta. The mole rats
possess these zona incerta orexinergic neurons, but not the
projection to the intergeniculate leaflet. This indicates that these
Orx+ zona incerta neurons mostly likely have projections to other
structures in addition to the intergeniculate leaflet, and the
existence of these additional, but currently unknown projections,
are the possible reason for themaintenance of this cell group in the
mole rats.
As in all species where the orexinergic terminal networks have
been described, themole rats studied herein have high tomoderate
density projections to all the serotonergic nuclei, the pontine
cholinergic nuclei, and the locus coeruleus complex (Bhagwandin
et al., 2008). In addition, both mole rats expressed a high to
medium-density Orx+ terminal networkwithin the periaqueductal
grey matter and the ventral tegmental area (VTA), similar to that
previously reported for other rodents and other mammals.
Interestingly though, while a low to absent density of Orx+
terminal networks has been reported for the superior colliculus in
other rodent species, a medium-density Orx+ terminal network
was observed in this study despite the reduced size of the superior
colliculus previously noted for mole rats (Nemec et al., 2004; Da
Silva et al., 2006). Variations in terminal densities within the
inferior colliculus (IC) and interperduncular (IP) nuclei, amongst
rodent species, were similarly noted in both species of mole rat.
The highveld mole rat expressed a medium-density Orx+ terminal
network in both the IC and IP, similar to the hamster, grass rat,
degu andWistar rat; whereas the Cape dune mole rat demonstrat-
ed a low-density Orx+ terminal network within the IC and IP,
consistent with the Long-Evans and Wistar rats; however, these
terminal networks also appear to vary significantly across the IP
and IC of other mammals studied to date.
Interestingly no other rodent species, except for the Cape dune
mole rat of the current study, exhibited a high-density Orx+terminal networkwithin area postrema (AP)withmedium-density
Orx+ terminal networks reported within AP for the degu and
Wistar rat, whereas the highveld mole rat demonstrates a low-
density Orx+ terminal network for this homologous region. The
catecholaminergic medullary nuclei (C1, C2, A1 and A2) expressed
a medium-density Orx+ terminal network in both species of mole
rat and this is congruent with previous rodent species however it
must be noted that there is no clarity with regard to the
distribution of Orx+ terminal networks within C2 amongst other
rodent and mammalian species studied to date.
Ethical statement
The mole rats used in the present study were caught from wild
populations in South Africa under permission and supervision
from the appropriate wildlife directorates. All animals were
treated and used according to the guidelines of the University of
theWitwatersrand Animal Ethics Committee, which parallel those
of the NIH for the care and use of animals in scientific
experimentation.
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